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ABSTRACT OF THE DISSERTATION
ULTRA-WIDEBAND PHASED ARRAYS FOR SMALL MOBILE PLATFORMS
by
Alexander Johnson
Florida International University, 2019
Miami, Florida

Professor John L. Volakis, Major Professor

This dissertation presents the development of a new class of Ultra-Wideband (UWB)
apertures for aerial applications by introducing designs with over 50:1 bandwidth
and novel differential feeding approaches. Designs that enable vertical integration
for flip-chip millimeter-wave (UWB) transceivers are presented for small aerial plat-
forms. Specifically, a new scalable tightly coupled array is introduced with differ-
ential feeding for chip integration. This new class of beam-forming arrays are fab-
ricated and experimentally tested for validation with operation from as low as 130
MHz up to 18 GHz. A major achievement is the study of millimeter wave beamform-
ing designs that operate from 22-80 GHz, fabricated using low-cost printed circuit
board (PCB) methods. This low-cost fabrication approach and associated testing

of the beamforming arrays are unique and game-changing.
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CHAPTER 1
INTRODUCTION

1.1 Applications of Ultra-Wideband Antennas and Arrays

In the modern world, there is a need for wireless systems. Every cellular phone,
Global Positioning System (GPS), smart watch, or any other wireless/Wifi/Bluetooth
device utilizes a communication system, or transceiver, at radio frequencies (RF),
to transfer data for social, personal, and business needs. A wireless system consists
of an RF antenna, an analog RF front-end, and a digital back-end. Such a system
has a myriad of applications, serving as remote sensing, radar, and secure commu-
nications systems. For implementation in daily life, RF transceivers are required
to be reduced SWaP (Space Wight and Power) systems. Significant progress in
material science and microelectronic chip technology has allowed for the miniatur-
ization of digital systems over the past decades. However, the miniaturization of RF
front-end components and antennas continue to be a significant challenge. In re-
cent years, substantial research has been conducted into reduced size RF electronics
through RF integrated circuit (RFIC) and Monolithic Microwave Integrated Circuit
(MMIC) technologies. Yet, the antenna size-performance relationship is restricted
by the small antenna limit, as Wheeler [Whe47] noted. To balance the trade-offs of
radiation resistance, efficiency, and bandwidth, there must be a maximum usage of
available volume for radiation.

The most common applications for RF transceivers are within the emerging
small mobile platforms that include CubeSats, unmanned aerial vehicles (UAVs),
and self-driving cars. These platforms are of great interest to scientific, military,
and commercial sectors with programs involving remote sensing, radar surveillance,

defense and targeting, and integration into the Internet of Things (IoT). For the



example of space-borne CubeSats, there are two main antenna distinctions: 1) those
that provide complete coverage of the visible earth and 2) those with high directive
gain for up-link and down-link [Vol07]. The latter distinction of antennas, with high
directive gain, have been increasingly replaced by phased arrays.

Of course, these CubeSats and unmanned vehicles need to be small and lightweight
to maximize their deployment time. Concurrently, the operational frequencies for
each niche application of the systems are separated by large bands in the frequency
spectrum, as depicted in Fig. 1.1. This implies multiple large narrowband antennas

and arrays would be needed, with tremendous SWaP demands.
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Figure 1.1: Modern frequency spectrum assignments from [spe].

To overcome this issue, ultra-wideband (UWB) antennas and arrays are brought
forward to seamlessly replace multiple narrowband apertures. These UWB arrays
offer orders of magnitude reduction in power, cost, and space for these systems.

Even more, UWB apertures enable advanced remote sensing practices, including



foliage penetration (FOPEN) [XNO1], through-wall imaging [LN10], medical imag-
ing [SL17], and high resolution radar [Tay94|. Similarly, Electronic Warfare (EW)
[HDGV99] and radio astronomy [dRG"11] require large spans of bandwidth to im-
plement secure communication’s [SAV18] spread spectrum techniques such as direct

sequence spread spectrum and frequency hopping.

1.2 Introduction to Ultra-Wideband Antenna

Antennas and RF systems are considered broadband or wideband when they can
operate over a large spectrum of frequencies. The notation for this broadband is

expressed as the following percentage:

B = (fu— fv)/f. x 100% (1.1)

where fy and f; are the higher and lower cutoffs of operational frequency of a
specified performance requirement, (e.g. realized gain metric or minimum reflection
coefficient) and f. is the center frequency. This definition of bandwidth is known as
the fractional bandwidth. For ratios of > 100% the bandwidth can also be defined

as:

B = fu/fL (1.2)

This definition, referred to as a ratio bandwidth, will be the bandwidth notation
used in this dissertation. A Federal Communications Commission (FCC) review in
the early 2000’s defined the term UWB as having fractional bandwidth of 20% of
center frequency, or 500 MHz of capacity [Rad07]. However, in practice, this term is
used for antennas that exceed a 2:1 bandwidth ratio using Eq. 1.2. There are well

known approaches of designing an UWB antenna, however size and realized gain



are always in opposition, with the goal to have both a small size and large realized

gain [Whe47, Chu48]. The realized gain is defined as

G=e(l—|T*)D (1.3)

Where e, I', and D represent antenna efficiency, input reflection coefficient (or
return loss), and directivity, respectively. The first class of UWB antennas are those
that reduce the quality factor (Q) of natural resonators for increased bandwidth. For
the case of a conical monopole, the introduction of multiple incoherent resonances
has been shown to achieve > 9 : 1 bandwidth [ZPCV12]. The next class is the
logical extension of this, where a multi-resonant structure is designed with closely
spaced narrowband elements. Examples of this would be stacked patches with up
to 3:1 bandwidth [SMM15].

The third class is more interesting, where diffractions on the antenna structures
can be controlled or altered for UWB behavior. Examples of this antenna geometry
would include the common horn antenna, known for > 10 : 1 bandwidths [BMIM16].
The other common method to reach a wideband radiation behavior is to add resistive
loading, to lower the reflected power at the ports and thereby extend the impedance
bandwidth. Of course, this leaves the final classification of UWB antennas to be
that which are frequency scaled or frequency independent. The Log Periodic Dipole
Antenna (LPDA) [Isb60] and helix antennas [Senb5] are two such examples of these
antennas, which resonate at a regular rate of physical scaling.

While considering many of these aforementioned antenna as UWB candidates for
airborne systems, they are inherently large and not fabricated on low cost printed cir-
cuit board (PCB). However, much work has already been devoted to mass-producing
printed arrays, with planar monopoles having 7:1 bandwidths [KKYY18], two di-

mensional horns known as flared notch or bunny ear antennas [LL93] with > 30 : 1



bandwidths, and planar spirals with > 6 : 1 bandwidths [BF07]. Fig. 1.2 provides
examples of the aforementioned UWB antennas. However, for many applications, a

single antenna is not sufficient to meet system requirements (i.e. beamforming).
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Figure 1.2: Typical wideband antennas: (a) Planar Monopole antenna from
[KKYY18] (b) Helix antennas from [Sen55] (¢) Quadruple Ridged Flared Horn an-
tenna from [BMIM16] (d) Spiral antenna from [BF07] and (e) Bunny Ear antenna
from [LL93].

1.3 Introduction to Ultra-Wideband Arrays

The need for wideband antenna systems is driven by the simultaneity of an ever-
expanding need for bandwidth, continually shrinking platforms, and increasingly
multi-functional systems. These qualities are observed throughout the defense,

scientific, and consumer-electronic sectors, where UWB electronically scanning, or



phased, arrays provide a highly effective solution to these modern challenges. For
these systems, an ultra-wideband (UWB) array replaces several narrowband systems
to reduce power, cost, and save space by leveraging time, frequency, and spatial mul-
tiplexing. Such small size wideband arrays also enable increased data rates, secure
spread spectrum communications, Multiple-Input-Multiple-Output (MIMO), and
other vehicle to vehicle (i.e. satellite) communications. One such example is the
Advanced Multi-functional RF Concept (AMRFC) [THE05] that takes advantage
of frequency multiplexing, supporting a 1-18 GHz operating bandwidth with 2 UWB
arrays. Of course, these arrays often require directive beam-steering from mobile
platforms, which in turn introduces the need for a perfect electric conducting (PEC)

ground plane backing.

1.3.1 Ground Plane Effects

In antenna design, it in important to understand the design process in the simplest of
terms. For starters, one can consider an antenna as simply a transducer between RF
signals and EM waves, which transforms the system impedance of 50¢2 to the 377¢2
impedance of free space. However, when applications require spatial scanning and
are mounted in complex platforms, a conducting ground plane is often required. This
introduces impedance matching and volumetric limitations. In circuit form, while
considering a periodic unit cell in an infinite array setup, this ground plane can be
represented by a short circuited transmission line of finite length. This shorted shunt
line provides zeros into the input impedance of the antenna at periodic frequencies
where the ground plane shorts the antenna. Hence, we can point to the Wheeler
and Chu relations [Whe47, Chu48] that state the inverse relationship of bandwidth

and antenna-ground plane separation. For instance, for inherently bidirectional



antennas this extends the profile of arrays to A,/4 (where A, is the wavelength at
the frequency f,) above the ground plane. Notably this allows backward-radiated
energy phase to propagate with a 180° phase delay, compounded by the 180° phase
inversion of the perfect electric conducting ground plane which results in a coherent
and constructive forward returned wave at f,. Of course, this is a narrowband
assumption, since the lambda of wideband arrays can regularly vary by more than
a factor of 2 over the bandwidth, causing destructive interference at other bands.
Therefore, in classical cases, physically large antennas with progressive points of
radiation tend to have larger bandwidths, since the rate of change of the reactive
impedance is slowed by the increased separation from the ground plane. This is

illustrated in Fig. 1.3.

50 3770 50Q 377Q

; Antenna _,—l ; Antenna _h—l

-— 2 _____ [ e 2 . |
ZSC

(a) (b)

Figure 1.3: Simplified circuit model of an antenna acting as a impedance transform-
ing transducer from a 50€2 source to (a) free space without a ground plane and (b) a
complex impedance with a ground plane represented by a short circuit transmission
line in shunt with free space.

1.3.2 Overview of Ultra-Wideband Phased Arrays

In general, an array consisting of multiple wideband antenna elements is itself wide-
band. For instance, stacked patch arrays have shown 2.5:1 bandwidths with 60°
scanning [NEA'11]. Further, arrays of spirals have shown 10:1 bandwidths with

interwoven elements [TSV11]. In recent years, with improvements in computa-



tional ability and the introduction of fast computational electromagnetics, complex
dynamic structures have been developed. These pixelated or fragmented aperture
arrays have shown up to 33:1 bandwidths through resistive loading, with 50% effi-
ciency [MBL*11].

However, the most commonly understood and accepted UWDB antenna arrays
were the Tapered Slot Arrays (TSA), such as the short and long Vivaldi Arrays.
These arrays are known for their large operational bandwidth, viz. 10:1 impedance
bandwidth, but are multiple wavelengths tall and have limited scanning capability.
Thinner versions of these have recently been proposed, but at the expense of band-
width [NGKS15]. Another variation, known as Balanced Antipodal Vivaldi Antenna
(BAVA), exhibits compact profiles as low as Ag;4n/2 with a decade bandwidth by
applying capacitive coupling between elements. However, these are limited to 45°
scanning [EM11]. Further, a Vivaldi variation known as the Sliced Notch Antenna
(SNA) array corrects the imbalanced current potentials on the Vivaldi fin edges
shown to cause high cross-polarized gain [LKV18].

As an alternative to Vivaldi, connected and coupled arrays have been considered
since the early 2000s. A planar wideband connected slot array was recently presented
in [CSN18], where a 6-15 GHz design was shown to scan down to 60° in the H-plane
and 80° in the E-plane. Unlike the end-fire layout of tapered slot elements, connected
and coupled arrays are inherently planar, a fact which can be leveraged to produce
extremely low profiles above the ground plane. This approach was inspired by the
treatment of a phased array of dipoles as a continuous current sheet by Wheeler
[Whe64]. Fig. 1.4 provides examples of the aforementioned UWB arrays. Since
then, additional developments have improved upon Munks first 4:1 implementation
of the CSA concept [Mun03, MTD"03], enabling greater bandwidth with capacitive

coupling.



Figure 1.4: Typical wideband phased arrays: (a) Interwoven Spiral Array from
[TSV11] (b) Connected-slot array from [CSN18] (c¢) Fragmented aperture array from
[MBL*11] (d) Vivaldi array from [LKV18] and (e) Current Sheet array from [Bal08].

The relative benefit of coupled arrays over connected arrays stems from the abil-
ity of the capacitive coupling to partially counteract the reactance of the ground
plane. This is easily understood by considering a circuit model representation of
the element above the ground plane in Fig. 1.5. This model is approximate, and
assumes an infinite array of linearly polarized radiators at broadside, however scan-
ning models are presented in [RJB14]. The work in [CSN17] expands the equivalence
to finite arrays using the Greens functions of tightly coupled dipoles and slots. The
analysis showed that although capacitively coupled dipoles have excellent bandwidth
in comparison to slots, edge effects do compromise the outer elements of finite arrays.
Some variations of connected arrays have used Ring-dipole elements using lumped
capacitors to emulate the capacitive coupling of tightly coupled arrays [ZB11, ZB18].

Others have discussed the areas of coupled arrays [ZZG*18] but the following section



will give a detailed understanding of the Tightly Coupled Dipole Antenna (TCDA)
arrays which have demonstrated the greatest impedance bandwidths and scanning

performance in a low profile of ( < Apmign/2 ).

= o] oo
11 '
Free Spacen, ??0
A Interdigital -
Capacitors L G
Zin
o do
T T
Short circuit representing the GP
(a) (b)

Figure 1.5: (a) Coupled array over a ground plane with (b) equivalent circuit high-
lighting the capacitive coupling employed to cancel the ground plane inductance
from [ASV12].

1.4 Tightly Coupled Arrays

Following the aforementioned CSA concept, 10:1 and 4.5:1 impedance bandwidths
were achieved with spiral [TSV11] and dipole elements [KCV13]. The spiral array
was very low profile (< Apyw/24), however its scanning performance was limited by
scan resonances. Other attempts at coupled dipole arrays achieved up to 7.24:1 simu-
lated bandwidths [Vog10] using square-type elements in a tightly coupled foursquare
array topology [Nea99]. However, these arrays were never measured with realistic
feeds. These tightly coupled arrays were greatly improved using tightly coupled
dipole elements, with further bandwidth extension via optimized feeds within the

array [DSV13c].
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Such tightly coupled dipole arrays (TCDA) have been demonstrated to extend
bandwidths, reduce size by more than half, and cut weight by a factor of 5, all with
a 10x cost reduction. Notably, the first use of the name TCDA was presented in
[TSV13], along with the introduction of overlapping dipoles for improved bandwidth.
Previous optimization of the TCDA has shown increased impedance bandwidths of
21:1 by substrate loading, scanning down to 75° through FSS superstrates, recon-
figurable bandwidths through internal tunable capacitors, and increased frequency
operations. As a result, TCDAs have been designed and measured from 300 MHz
up to 71 GHz with VSWR < 3 as detailed in [Vol07]. The standout TCDA to date

are found in Fig. 1.6.

1.4.1 Fundamental Limits of TCDA
Bandwidth Limitations

There are a few limiting factors involved in evaluating the optimal array perfor-
mance of any given dipole array. Namely, the distance of the array elements from
the ground plane plays a significant role in the performance of the array. The
maximal bandwidth limit (Boo) for a given array thickness and material proper-
ties above a PEC-ground plane was defined in [DSV13a, DSV12, DSV14]. As seen
in Fig. 1.7, the optimum bandwidth limit is 9:1 for lossless PEC backed arrays
with non-magnetic substrates of €, = 2.0 (the lowest commercially available dielec-
tric substrate is Rogers/duroid 5880LZ [588]). Higher order bandwidth limits have

followed, using plane-wave scattering analysis [CK16].
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7.35:1 BW (0.6-5GHz) 13.3:1 BW (0.29-3.9GHz)
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Figure 1.6: (a) The first TCDA with integrated feed from [DSV13c|. (b) The first
dual polarized R-Card loaded TCDA-IB from [PV16a]. (c) The first TCDA with FSS
superstrate for 70° Scan from [YGV16]. (d) The first mm-wave TCDA [NMV18].
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Figure 1.7: Maximum realizable bandwidth for an infinite-order planar array above a
PEC-ground with loss-less substrate material, pointing to broadside from [DSV13a].

Finite Array Effects

It is common to model these tightly coupled arrays using the infinite array approach
with periodic boundary conditions for fast computational analysis. Thus, by mod-
eling only a single unit cell one can tune the performance of a large array to operate
as desired. However, full-wave infinite array simulations do not account for finite
array effects that include edge diffractions and diminished mutual coupling at the
array edges. In addition, finite array effects usually result in a narrower operational
bandwidth and mismatched peripheral array elements. Therefore, finite array sim-
ulations are required to predict more realistic array gain and efficiency. Several
techniques have been investigated to improve the total array efficiency in presence
of edge elements by terminating in matched or reactive loads [Tzall|. Specifically,
a feeding approach using short-circuit terminated periphery elements was reported

to provide up to 3 dB more gain and 50% higher efficiency than typical resistive
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termination for medium sized arrays [TSV13]. In addition, an improved aperture
excitation for finite tightly coupled arrays was developed to improve the broadband
matching of edge elements [TSV12]. Further, one excitation method based on the
decomposition of time reversal operator technique (DORT) was used to maximize
the array efficiency and reduce sidelobes of a finite tightly coupled array while beam
scanning [SC16]. However, this is the first paper to address the finite effects of

mounting on a typical airborne platform over a wideband.

1.4.2 Integrated Feeds
Integrated Balun

A classic problem with antenna excitation is the undesired radiation and asymmet-
rical pattern as a result of unbalanced feeding (i.e. common-mode) currents. The
first modern TCDA were focused mainly on the capacitively coupled elements only,
and used external lumped baluns [TSV13] that were found to be bulky, expensive,
and limit the bandwidth of the radiators. For most modern TCDA, folded Marc-
hand baluns printed on PCB are employed. Marchand baluns are known for their
UWB performance, acting as a higher-order matching network and an impedance
transformer from a standard 502 system to the TCDA dipole impedance of 188¢2.
In [DSV13c|, a compact folded Marchand balun was integrated in the same PCB
with a TCDA for the very first time, offering a low-cost implementation with supe-
rior scanning and impedance matching performance. A typical equivalent circuit of
the Marchand balun in Fig. 1.8 (a) is depicted in Fig. 1.8. As depicted, the balun
employs a series open stub (Z,.) and a parallel short stub (Zs.). The length and

characteristic impedance of these stubs are tuned to achieve wideband matching.

14



Zoc

1<0|°—.E_‘T |T

™~

zm'ltenna

(a) (b)

Figure 1.8: (a) Pictoral representation of Marchand balun with (b) equivalent cir-
cuit.

The first integrated baluns used a split unit cell to decrease the input resistance
of the dipoles to 100€2 by splitting the periodic unit cell in half along the direction of
the current density (E-plane). Then these pairs of elements were fed by a Wilkinson
Power combiner to reduce the number of T/R electronics. These power dividers were
eliminated in the design presented in [YGV16] with a more effective impedance
transformation using tapered cutouts in the stripline balun’s ground plane. This
balun has been shown achieve 14:1 bandwidth [MSV13]. In comparison external
balun feeds, these TCDA-IB have proven to improve bandwidth by 30%, reduce size
by more than half, and cut weight by a factor of 5, all with a 10x cost reduction.
Other works have using Double-Y balun have shown only 5:1 impedance bandwidth
[BG16]. To increase the bandwidth further, tapered balun have been proposed to
achieve the 502 to 2002 transition between the coaxial cable and the overlapped

dipole terminals [BQG16], but have not yet been implemented in a low profile.
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Planar Connector-less Feeds (PUMA)

The planar ultrawideband modular array (PUMA) is a subset of the TCDA that
uses a unique feed structure. The radiators of the tightly coupled dipoles operate the
same as above, however the feed structure is uniquely designed to remove the need
for connector, with a simple female plug connection readily available for coaxial
cables or male SMP connectors. This internal balun consists of a via connecting
one arm of the dipole to the signal conductor (inner conductor of the excitation
coax), and the other arm is shorted to the antenna ground plane, where the outer
conductor is soldered externally. An additional shorting via is employed, that can be
designed to tune the common-mode currents out of band by adjusting its distance
from the dipole center, as given in [HV10, Holl1]. This modular and low cost feed
approach first showed moderate bandwidths with an active VSWR < 2.8 over 7-
21GHz with scanning angle down to 45° in E and H planes [HSV12, HV12], with

recent prototypes exhibiting (6:1) bandwidth while scanning to 60° [LKLV18].

Optically Fed TCDA

Due to developments in microwave photonics, optically fed TCDA have been de-
veloped [KRS*18, SBNT15]. These feeds can achieve >3:1 bandwidth without the
use of balun, coaxial cabling or waveguides thereby reducing the space, weight and

power (SWaP) of RF systems.

1.4.3 Resistive Loading for > 9:1 Bandwidth

To further improve bandwidth, uniform resistive sheets were used within the sub-
strate to suppress ground plane resonances [MSV13, PV16a] over a 14:1 bandwidth.

Although this approach led to increased bandwidth, it was associated with signif-
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icant gain losses over the band. While this can R-card affect radiation efficiency
(about 4 dB of loss), it has been shown that the addition of a superstrate above the
array can greatly reduce losses to only about 1.3 dB [MSV13].

To minimize losses and expand the bandwidth, resistive frequency selective sur-
face have been designed. By carefully selecting the FSS resonances, this approach
reduces losses to only in select bands when the distance between the ground plane
the array plane is destructive. Thereby, the wave attenuation occurs only at the
desired frequencies and not across the entire band. Fig. 1.9 presents the phase
response of this FSS R-card and its effect on contiguous impedance matching. R-
card loading has been shown to extend the TCDA’s impedance bandwidth to 21:1

[MSV12a] with an average loss of only 1.3 dB over the band.
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Figure 1.9: (a) Magnitude (solid) and phase (dashed) of plane wave reflection co-
efficient of the ring-type resistive FSS, referenced to array surface. (b) VSWR of
infinite array with and without a resistive F'SS from [MSV12a]

1.4.4 Superstrates for Low Angle Scanning
Dielectric Wide-Angle Impedance Matching

Dielectric superstrates, sometimes referred to as wide-angle impedance matching
(WAIM) layers, are often found in TCDA designs to transition to the impedance

of free space. Specifically, wave slowdown in the superstrate reduces the effective
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angle of incidence of free-space waves, which serves to stabilize the input impedance
of the antenna across the scan volume. The dielectric superstrates are typically
thin (< Agign/4) and of low dielectric constant (e, < 6) to avoid surface waves. As
previously mentioned, superstrates are also beneficial in lossy arrays, by drawing
radiation in the forward direction, away from the lossy backplane. However, a
persisting issue is that the free space impedance seen by the array when scanning
deviates in the two cardinal planes, following a factor of cos(©) in the E-plane,
or TM polarization, and 1/cos(©) in the H-plane. Some authors have employed
multilayer dielectric superstrates to achieve low angle scanning in both planes, at

the cost of total height [WQY17, LGH*16].

Metasurface Wide-Angle Impedance Matching

One alternative is the use of periodic metasurfaces, sometimes referred to as arti-
ficial dielectrics. Typically, these are sub-wavelength metallic shapes, which in ag-
gregate produce an effective dielectric constant (e.s) [Vol07]. In order to improve
the scanning capabilities of the TCDA, the superstrates of bulky dielectric layer(s)
were replaced with periodic printed elements to achieve wide-angle and wideband
impedance matching. The approach in [YGV16] provides superior performance of
6.1:1 bandwidth (0.5-3.1 GHz) with VSWR < 3.2 when scanning 75° in E-plane,
70° in D-plane and 60° in H-plane. This TCDA was the first low profile design to
achieve more than 6:1 bandwidth with such wide scan angles without using a bulky
dielectric material over the aperture.

Similar variations have now followed with a 7.3:1 bandwidth (0.3-2.2 GHz)
[ZYC™*18] and scanning down to £70° in E-/D-plane and £50° in H-plane [ZYX*19].
Others have introduced planar wide angle impedance matching through a novel

wideband meta-surface superstrate where 70° E-plane and 55° H-plane scans are
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achieved in a 5.5:1 (0.80-4.38) GHz bandwidth [BQZ*19]. Past designs that em-
ployed metasurfaces without exceeding 45° scan capability of simple dielectrics were
not included for brevity. Notably, a common way to show the scan capability is to
use the Active Element Pattern, which assumes the performance of a large array is
equivalent to that of a center element multiplied by its array factor [Poz94]. This
is to show the measured performance of an infinite array using a perfect loss-less

digital beamformer.

1.4.5 Higher Frequency Operations

The growing need for high bandwidth communications, particularly to mobile users,
has led to the exploration of the millimeter-wave (mm-wave) spectrum. Unfor-
tunately, the allocated frequencies for millimeter-wave communications are widely
distributed. The recently allocated 5th Generation (5G) mobile and unlicensed In-
dustrial, Scientific, Medical (ISM) bands span nearly 50 GHz, from 24 — 71 GHz.
Whereas many millimeter-wave antenna arrays have been developed in the litera-
ture, all of these arrays utilize simple, narrow-band elements. Given the cost and
space required for these arrays, there is a pressing need for broadband millimeter-
wave arrays, which will allow the consolidation of many different functions into a
shared aperture [Vol07]. Such arrays are presented below.

A one dimensional 1 x 8 element TCDA with E-plane scanning to 30° was de-
signed on a multilayer substrate with coplanar, rather than perpendicular, ground
plane. The array was intended for the 28GHz band, with measured bandwidth
showed VSWR < 2 for 22.5-32.5 GHz [SGC19]. Another design shows simulated
operation from 44-100 GHz VSWR < 3 for 60° given the use of a specialized probe

[IMYG18]. Further, recent mm-wave TCDA have integrated micro-electro mechani-
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cal systems (MEMS) phase shifters are into each element for real-time beam forming,
for continuous wideband beam-steering antenna over the K-Ka bands (18-40GHz)
[ANHS17]. However, these mm-wave arrays must have full polarization diversity

and practical feeds for future implementations.

On-Wafer Millimeter-wave TCDA

One such array was developed for large-scale transceiver chipsets. This monolithi-
cally integrated multilayer phased array architecture uses a ground plane to shield
from lossy substrates for an estimated radiation efficiency > 60% for the 35-75 GHz
matched band. Further, the array has future applications in mobile applications,
with a low profile typical of TCDA, and 5 dBi realized gain in a small footprint of
Tmmx3mm [SCNS18§].

PCB Millimeter-wave TCDA

To avoid the pitfalls associated with using expensive and low yield micro-fabrication
techniques such as Low Temperature Co-Fired Ceramic (LTCC) another TCDA
was introduced using PCB manufacturing. This PCB mm-wave-TCDA utilizes an
alternative balun design, with a folded open stub in a planar orientation and coupled
metal vias as the transmission line feed elements. The array in Fig. 1.10 achieved
VSWR < 2.5 for 45° scanning in both planes over a range of 26-86 GHz (3.3:1
bandwidth) [NMV18].
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Figure 1.10: (a) Unit cell of PCB TCDA from [NMV18] with (b) representation of
mm-wave Marchand balun with equivalent circuit.

1.4.6 Reconfigurable TCDA

Tunable band reject TCDA for interference mitigation

Recently, a 4:1 (1-4GHz) dual-polarized TCDA with tunable band-rejection capa-
bilities was presented with scanning down to 60° in all planes [PV16b]. To create a
band-stop response at the aperture level, a variable capacitor was placed in shunt of
the short stub of the balun to elongate the stub’s electrical length and short out the
dipoles. This scheme operates for all scan angles without added volume or loss, as
opposed to typical tunable notch filters. A reconfigurable finite array with dynamic
rejection of > 20dB was demonstrated, using digitally-biased tunable capacitors.
Likewise, a digitally-biased superstrate has been implemented to create a tunable

bandpass filter at the antenna level [PYV16].

Textile TCDA

A novel tightly coupled dipole array (TCDA) printed on textiles achieved 30:1 band-
width from 60-2000 MHz with realized gain ranging from 16 to 6 dBi across the band
[ZLPT18]. The fully flexible textile-based prototype was printed on organza fabric
via automated embroidery of conductive threads (E-threads). On-body operation

(e.g., placed along the arms) was measured using ground beef.
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1.4.7 Platform Applications

These arrays are already being implemented in military, scientific, and commercial
industries. Thermal analysis was conducted on one such TCDA developed alongside
NASA for Small Satellites [NMV17]. Notably, The UWB nature of these arrays were
exploited for the first time in a reflect-array using a simple 3:1 TCDA [LGZ'18].
Even more, TCDA have already been developed for airborne radars [Tzall].

To be used to their full bandwidth potential, wideband receivers must be imple-
mented alongside these arrays, which requires high speed ADCs. Recently, a novel
on-site coding receiver (OSCR) architecture was presented to significantly reduce
hardware requirement and increase instantaneous bandwidth for digital beamform-
ing. With this, TCDA operating from 200 MHz to 2.5 GHz show an accurate esti-
mate of the angle of arrival for incidence angles of O, = 0°, 15°, 30°, and 45° away
from broadside [VPA*17]. Likewise, an 8-channel OSCR for multiple-inputmultiple-
output (MIMO) applications was shown to accurately estimate the angle of arrival
with < 1.8° error using two transmit signals, modulated simultaneously at 1350 MHz
and 1800 MHz and arriving from various angles across 0° to £50° [VAAV17]. More-
over, element-level diplexing has also been demonstrated to enable precise aperture
control across 9.5-37 GHz, covering six different radiometry and synthetic aperture
radar (SAR) bands within one TCDA [JSNT18].

Further, with the growing demand for spectrum utilization, the concept of full
duplex transceivers has become attractive. These simultaneous transmit and re-
ceive systems (STAR) are desired as they double bandwidth utilization. However,
to realize STAR the self-interference between transmit and receive antennas must
be suppressed. With the high isolation attributes of TCDA, 100 dB isolation was
achieved for practical STAR, across a large 500 MHz system bandwidth using po-

larization diversity for two user STAR communications [VAV18].
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1.5 Challenges in Modern UWB Aperture Design

1.5.1 Achieving Larger Bandwidths in Lower Volumes

As previously mentioned, Ultra-wideband (UWB) scanning arrays enable the con-
solidation of multiple apertures on increasingly Size-Weight and Power and Cost
(SWaP-C) constrained platforms. UWB apertures have demonstrated bandwidth-
gain-scanning performance such that they simultaneously support requirements for
an increasing set of required antenna functions in a low profile. However, the plat-
forms themselves are ever-shrinking, with CubeSats smaller than an apple and smart
devices only few millimeters thick, all with the multi-functional requirements. This
requires RF systems and antennas to be ever-shrinking without sacrificing function-

ality.

1.5.2 Differential Feeding for Integrated Radios

With the TCDA inherently being a dipole, feeding can be a limitation. Infinitely
large TCDA with idealized feeds can be shown to have extremely wideband radi-
ation characteristics, however practical feed structures may add losses and reduce
bandwidth in practice. All the aforementioned TCDA employed single-ended feeds
for low angle scanning over wide bandwidths. Unfortunately, these balun feeds also
introduce the possibility of broadside common-mode currents, which adds design
time to ensure the common-modes are tuned out of the optimized arrays.
Conversely, differential feeds inherently cancel common-mode currents at broad-
side, but exhibit common-modes when scanning to low angles. For instance, the
UWRB differential feeds in [BSC93, EO60, LLK04, dLAGGP*10] were plagued by

common-mode resonances when scanning in the E-plane nearing angles down to
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45°.  Hence, the major challenge in the design of full differential radios is the
reduction of these common-mode currents present in the feed-lines when scan-
ning. Notably, common-modes arise for particular scan angles and frequencies
in the differential feed lines due to destructive mutual coupling between elements
in presence of a third conductor (i.e. ground plane). If not addressed prop-
erly, these common-modes radiate in a manner that significantly reduces total ef-
ficiency and impedance bandwidths of balanced antenna structures [S. 08]. The
most prevalent way to suppress these scan-dependent common-modes is to employ
a balanced-to-unbalanced feed (i.e balun), thereby avoiding differential feeding alto-
gether [DSV13c, PV16a, YGV16, NMV18, LKLV18, HV11]|. However, as previously
mentioned, this introduces the need to tune out broadside common-mode currents.
Other methods have been explored to remove such modes by employing conductive
E-Plane walls to disrupt the fields in single polarized arrays [BSC93, EO60], or by us-
ing resistive terminations to attenuate the common-modes [LLK04]-[dLAGGP*10].

A key benefit of a differential array is its direct compatibility with existing wide-
band differential components [Spil6] that enable high dynamic range and linearity.
Further, differential signals provide inherent lower distortion in response to noise
and interference from power supplies. Even more, distortions due to even order
harmonics from nonlinear devices can be suppressed by differential feeds [Poz12].
The frequency scalable differential feed presented here is directly compatible with
differential power amplifiers, which removes the phase and amplitude mismatch and
associated losses of external baluns. Therefore, an UWB low-angle scanning differ-

entially fed array is of great interest.
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1.5.3 UWB Millimeter-wave Solutions

With rapidly increasing demand for high data rates, wirelessly connected devices
(e.g. cell phones, cars, watches) need multi-functional radios at millimeter-wave
(mm-wave) frequencies. The 5G boom of the past decade has begun to show real
promise at the time of this dissertation, as discussed by global leaders in commu-
nications (e.g. Verizon, Qulacomm, and Ericsson). In years prior, there was much
doubt in the viability of 5G mm-wave systems due to the excessive path losses,
lack of supporting electronics, and limitations of legacy mm-wave systems used in
space. However, recently there have been great strides in beamforming techniques,
channel coding, commercialization, and deployment of 5G mm-wave systems. With
the support and interest of the commercial sector, the FCC has opened many mm-
wave band allocations for use in Vehicular-to-Vehicular applications (28 GHz), ISM
communication bands (60 GHz), and vehicular radar bands (77 GHz).

To accommodate these sparsely allocated spectrums, antennas must be ultra-
wideband (UWB) and integrated with transceivers. Further, the high path-losses
at these frequencies require high gain arrays with wide-angle spatial coverage. At
present, many of available UWB arrays are focused on narrowbands and fabricated
using expensive micro-fabrication techniques such as LTCC [LLJ"19] and photo-
lithography [SCNS18]. Recent UWB arrays have addressed the expensive fabrication
problem with flip-chip printed circuit board (PCB) antenna fabrication in mind
[INMV18]. However, there is still work to be done towards obtaining the polarization
diversity and differential feeding necessary for 5G applications [Spil6]. Moreover,
active feeding of large (10 x 10) phased arrays over UWB is a significant design

challenge.
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1.6 Contribution and Organization of this Dissertation

The focus of this dissertation is on UWB arrays for mobile platforms. In particular,

we present:

e Significant bandwidth improvements for TCDA
e Differential feeding for system integrated TCDA

e Mm-wave TCDA that leverage commercial PCB fabrication techniques to pro-
vide the unprecedented bandwidth, scan range, and efficiency for the emerging

fifth generation (5G) millimeter wave technologies

The remainder of this dissertation is organized as described in Fig. 1.11. Chap-
ter 2 outlines the development and measurement of three state-of-the-art UWB
TCDA. The first TCDA presented herein obtains the 9:1 loss-less bandwidth limit
with 60° scanning. The second TCDA uses resistive loading to surpass this limit for
a 12:1 bandwidth with 60° scanning for the first time, and is the first TCDA to be
designed with the specific needs of an airborne platform. The third TCDA intro-
duces a ground-breaking resistive F'SS and novel feed that enables a 58:1 broadside
bandwidth with 60° conical scanning.

Chapter 3 outlines the development and measurement of a novel TCDA with
differential feed. This is the first UWB differential array to scan to low angles
without resonances in the E-Plane over an unprecedented 8:1 bandwidth. The design
and operation of the enabling Balanced Wideband Impedance Transformer (BWIT)
feed structure is discussed.

Chapter 4 outlines the development and study of mm-wave TCDA and UWB
active array feeding through vertical interconnects. The first two UWB array are

focused on low cost manufacturing, with single board PCB construction to cover the
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majority of the 5G bands with 60° scanning. The third UWB array is focused on low
cost manufacturing with differential feeding. Again, a novel feed structure, denoted
as an H-Wall enables 60° scanning on low cost PCB. The three aforementioned mm-
wave arrays are designed to use a Ball-Grid-Array (BGA) of 0.2 mm diameter solder
balls to realize the vertical interconnection of the antenna stackup to the planar feed
board. Measurements for these arrays will be provided in future works.

Chapter 5 provides a summary of this work and discusses future works related

to broadband antennas and arrays for mobile platform applications.
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CHAPTER 2
MEASUREMENT OF ULTRA-WIDEBAND STATE-OF-THE-ART
TCDA

2.1 A Wideband Array for Small Platforms

In this section, a dual polarized vertically printed array with 9:1 bandwidth and
low-angle scanning capability is presented, as depicted in Fig. 2.1. Improving on
the performance of past works [DSV13ec, JRO7, YGV16, NMV17], the array design
presented here combines FSS superstrates for an optimum dual polarized prototype
operating from 2 GHz through 18 GHz, with scanning down to 60° from broadside.
Simulations are verified with the measured results of a fabricated 11 x 11 prototype.

This array has a multitude of applications in airborne platforms, with coverage
of altimetry, weather, surveillance, and fire control radar bands. For instance, this
array can seamlessly easily replace the large gimballed reflector antennas for the
Defense Satellite Communication System (DSCS) that operates from 7.25 GHz to
8.40 GHz, the 4.2 GHz to 4.4 GHz patch arrays that function as altimeter radars, the
9.375 GHz reflectors used for weather radar, and countless other narrowband systems
[Vol07]. Also, this array is a good candidate for Electronic inelegance (ELINT)
systems, that typical reside in the 2 GHz to 18 GHz bands.

Further, the array is of low profile and high gain, making it an ideal candidate
for SATCOM communications. The NASA Space, Near-Earth, and Deep-Space
Networks (SN, NEN, and DSN respectively) are also covered within this 2 GHz
to 18 GHz bandwidth [NAS15]. The ability to employ a single source solution for
communications between satellites and ground stations is essential for future reduced

size platforms, such as CubeSATS. The large bandwidths provided with this array
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Figure 2.1: Pictorial representation of the designed 9:1 TCDA.

also result in high data throughput. Overall, this array introduces significant space,

weight, and power savings for airborne and space-borne platforms.

2.1.1 Design and Simulation of 9:1 TCDA

As discussed in Chapter 1, earlier TCDA operated at Ku band with intentional
design for satellite communications [NMV17], but were singularly linear polarized
and operated only over a 6:1 bandwidth with 45° scanning. The 9:1 presented
dual-polarized array improves on the previous design in [YGV16] with a metal F'SS
superstrate for low-angle scanning, in a low profile of A7, /10. This array introduces
1) improved bandwidth through a streamlined fabrication, 2) dual polarization with
an enhanced balun feed, and 3) 60° scanning with a new double FSS superstrate

and novel shorting posts.
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Improved Bandwidth Through Increased Capacitive Coupling

As typical with phased arrays, the dipole elements are designed with a pitch <
AHigh/2 to avoid grating lobes. It is key to the design that the polarizations are not
fed concentrically, but intersect at the ends of the dipoles. The design in [PV16a]
employed overlapping planar dipoles with each linear polarization printed on oppo-
site sides of a substrate, however this required soldering to the vertically oriented
stripline balun feeds. An alternative method to save fabrication and assembly time
is presented here with a stripline approach. That is, with dipoles printed on the cen-
tral layer and captive overlaps printed on either side of the substrate for increased
coupling. Specifically, the overlapping pads are printed on the first and third layers

and are connected in parallel by vias to double the capacitive coupling.

Single Overlapping Pad
overlapping pad

dipole arm

Broadside VSWR

5 T Il T : T T T T
4 TR S — 'i' """ e S T —— T T . N S A ——— T -
14 : : : : : : :
(a) =3l [SHSES === iSHS L S SRS S
2 ' Singlepad: i
Double Overlapping Pads - : gep :
overlapping pads 2 LL.XA /N I A S . i ] |t
dipole arm / \ ' ;
1

2 4 6 8 10 12 14 16 18
Frequency(GHz)
(c)

(b)

Figure 2.2: Simulated Performance of UWB TCDA with (a) one overlapping pad,
(b) two overlapping pads, and (¢) a VSWR comparison of the two.
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Fig. 2.2 demonstrates a VSWR, comparison of the TCDA using the single and
double overlapping pads. The simulated broadside VSWR is shown in Fig. 2.2(c).
As shown, double overlapping pads introduce a stronger capacitive coupling among
the dipole elements to effectively extend the operational bandwidth. This strong
capacitance between the dipoles yields a continuous current distribution, hence this

array achieves the 9:1 lossless PEC backed array limitation [DSV13b].

Improved Marchand Balun

A wideband balun is implemented to feed the UWB dipoles without introducing
common-mode currents. This feed draws from [DSV13c, YGV16] with an integrated
Marchand balun that acts as a higher order matching network. In practice, the Marc-
hand balun uses a series open stub and a parallel short stub, whose impedance and
lengths are tuned to achieve a broadband match. Similar to [YGV16] rectangular
perforations were engraved into the shorting stubs of the balun, which act as the
ground layers of the stripline feed, in order to increase the achievable characteristic
impedance (Z). By doing so, we remove the need for the split-cell and Wilkinson
power combiner approach of works past [DSV13c, MSV13], to efficiently transfer the
5082 port impedance to the 1882 input impedance of the tightly coupled dipoles.
The effect of these perforations on characteristic impedance is detailed in [YGV16].
However, common-mode resonances can still occur if the separation between feed
lines of neighboring unit cells is large enough. To circumvent the issue, meandered
shorting posts are added between the overlapping pads and the ground plane to

disturb the resonance conditions.
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Improved Double FSS Superstrate

This superstrate improves on past TCDA [DSV13c, NMV17] to enable lower angle
scanning, even down to 70° [YGV16] while being printed on the PCB, for simple and
lower cost fabrication. Past wideband array used electrically thick dielectric slabs to
match the aperture to the impedance of free space. However, these superstrates limit
the available scan range, as surface waves (SWs) arise when scanning to low angles.
To address this issue, perforations in the dielectric layers have been proposed to
reduce the effective dielectric constant and push the onset of SWs out of the intended
scan range and frequency bands [LKLV18]. Here, the superstrates are periodic
metallic rectangles, with large feature sizes, hence they cannot be approximated as

an anisotropic dielectric material and essentially only provide capacitive loading.

t 3770
C
_"_

L

Figure 2.3: Geometrical model of (a) dielectric slab with surface waves (SWs) and
(b) transmission line equivalent circuit that led to the (c) FSS superstrate that
removes SWs.

Therefore, we refer the rectangular superstrate as an F'SS superstrate throughout
this dissertation, even though it always operates below its resonance frequency. The
F'SS essentially results in a shunt capacitance for a plane wave propagating along the
z-axis, as seen in Fig. 2.3(b). The FSS presented here is co-optimized along with the

TCDA, with larger features having greater impact on low frequency matching, and
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smaller features showing significance to the higher frequency VSWR. For our double-
layer F'SS, each layer is designed to contain metallic squares of small width and height
to ensure good performance at the higher end of the band. At low frequencies, since
the wavelength becomes significantly longer, the closely spaced two-layer FSS rows
behave such as a single FSS. That is, the smaller FSS patches are equivalently one
larger F'SS element at the lower frequencies and therefore accommodate the low-

band performance.

Simulation Results

An infinite array simulation was used to represent the 11 x 11 finite element array
using ANSYS HFSS v.19, with each polarization fed by a 502 lumped port from
a microstrip-coax launcher. Our array design was initially optimized using the
equivalent circuits derived in [DSV13c, MSV12b, ASV12]. These equivalent circuits
model the tightly coupled dipole as a series L (dipole) and C (coupling), with the
superstrate as an equivalent finite length transmission line terminated by the free
space impedance of 377¢) as discussed in Chapter 1.3.2.

Notably, the plane containing the direction of the current is expressed as the
E-plane, with the perpendicular plane as the H-plane, and the diagonal plane as the
D-plane. The infinite array VSWR for the the E, H, and D planes, with scanning
to 60° is shown versus frequency in Fig. 2.4. The array provides a broadside
VSWR < 3 for 2 GHz to 18 GHz for an impedance bandwidth of 9:1. A reduced
performance in the H-plane is expected with planar arrays, based on the variation
in the Floquet mode impedance in both planes, with a 1/ cos(6) term related to the
resistance looking into the H-Plane [Whe64|. However, due to the inherently larger
beamwidths at the lower frequencies, it is unnecessary scan to the low angle of 60°

below 5 GHz.
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Figure 2.4: Simulated Performance of 9:1 TCDA.
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2.1.2 Design Construction and Measured Results

Fabrication of 9:1 TCDA

The 11 x 11 prototype was fabricated with a minimum metal tolerance of 0.15
mm (6 mil) in accordance with standard low cost PCB processes. The antenna
board is constructed from two layers of DiClad 880 with ¢, = 2.2. The fabricated
dual-polarized array in Fig. 2.5 was constructed in an ”egg-crate” arrangement
with consideration towards structural stability. Notches were cut into the dielectric
boards to allow an orthogonal fit between the layers. The fabricated ground board
was milled from a metalized 60 mil FR4 board with cutouts for securing the antenna

cards.

Measured Results for the 9:1 TCDA

The fabricated 11x11 dual-polarized array was measured and characterized at Florida
International University. To see the performance of the finite array, multiple an-
tenna elements were measured around the fabricated prototype. The measured
active VSWR can be found in Fig. 2.6(left), with comparison to simulations. The
measured broadside gain of the array can be found in Fig 2.6(right), with more than
20 dB of polarization purity. The aperture area is < \/2 at the lower frequencies,
causing the reference directivity equation of D = 47w A/\? to underestimate the gain
(See standard reference directivity in [Dirl4]. Hence, the measured gain exceeds the
nominal expression for directivity at the lower frequency band. Further, the mea-
sured patterns in Figs. 2.7 and 2.8 validate the simulations, showing beam steering
down to 60° from broadside in the principle E/H planes using the Active Element
Pattern (AEP) method [Poz94]. The patterns are measured at 2.5, 8, 12, and 18

GHz with close relation to simulated patterns.
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Full Dual Polarized Array Prototype

Polarization 2
Polarization 1

Polarization 1 Polarization 2

Figure 2.5: Fabricated 9:1 TCDA with notch cut-outs shown for each polarization.
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Figure 2.6: Measured VSWR and broadside gain of center element.
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Figure 2.7: Measured E-Plane Pattern of 9:1 TCDA.
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2.2 An Ultra Wideband Array for Small Platforms

As discussed in Chapter 1, TCDA have great potential airborne platforms due to
their large bandwidths that enable multi-functional missions. The 12:1 presented
dual-polarized array presented here improves on the previously mentioned design
with 12:1 bandwidth and scanning capability down to 60° , as depicted in Fig.
2.9. The presented low-profile UWB radiating aperture demonstrates bandwidth-
gain-scanning performance such that it simultaneously supports requirements for
an increasing set of required antenna functions in a band of interest to airborne
applications. Specifically, its operation from 190 MHz to 2.3 GHz makes it a prime
candidate for Foliage Penetrating (FOPEN) radar applications. This application
requires a broad range of frequencies to have a tunable range and resolution, with
wide spatial scanning to quickly obtain information of a forested landscape. Improv-
ing on the performance of past works [MSV12b, PV16a], the array design presented
here combines FSS superstrates and resistive loading for an optimum dual polarized
prototype. This array introduces 1) improved bandwidth through loading a resistive
card (R-Card) in the substrate, 2) an FSS superstate optimized for 60° scanning and
high radiation efficiency, 3) and a streamlined dual-polarized fabrication. Simula-

tions are verified with the measured results of a fabricated 7x11 prototype.

2.2.1 Design and Simulation of 12:1 TCDA
Design of 12:1 TCDA

The TCDA presented in this section is the first of its kind to scan down to 60°
from broadside across a 12:1 bandwidth. We remark that alternative methods for
achieving greater bandwidth with ferrite ground planes have been explored. How-

ever, they provide the following disadvantages: 1) high losses on the order of 3
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Ground Plane

Figure 2.9: Pictorial representation of the designed TCDA with R-Card (a) 3x3
array, (b) unit cell, and (c) feed network.

dB, 2) anisotropic impedance profiles for dual polarized arrays, and 3) prohibitive
weights that preclude them from airborne applications. Alternatively, the array
presented here employs resistive substrate loading with an optimized superstrate as
in [MSV12a, MSV13, PV16a] to reduce weight and losses. The introduction of a
properly designed superstrate above theses arrays reduce these losses significantly
[MSV12a]. Notably, the resistive card (R-Card) loading is polarization-insensitive,
thus this dual-polarized TCDA retains its symmetry. Further, power handing was
considered with the R-Cards. Specifically, the 377 Q/square Ohmega Technologies

material used here was rated for power dissipation capacity of 14 W /cm.
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Substrate Loading with Resistive Card

A simple equivalent circuit of dipoles at a distance h; over a ground plane is given in
Fig. 2.10(a). The bandwidth of this circuit is limited by the destructive ground plane
image at the upper band, corresponding to fy,.: = ¢/2h. This undesirable effect is
due to the impedance of the ground plane, that is equivalent to the impedance of a

short-circuit transmission line, given by:

Zap = jntan(Bh) (2.1)

where 7 is the substrate impedance (viz. 1207/,/€,), 3 is the propagation con-
stant in the substrate, and & is the dipole height above the ground plane. It can be
seen that when f,,.. = ¢/2h, the impedance of the ground plane goes to zero, and
short-circuits the antenna input impedance. As such, the upper frequency cutoff is
a function of the height of the array over the ground plane.

To avoid ground plane shorting at f,,.., an R-Card is placed between the array
and the ground plane, as seen in Fig. 2.10(b). To realize efficient R-Card loading, a
shunt resistive element is placed at an optimized height hr between the dipoles set
at hy = 110 mm and the ground plane. The relation h; = hr + hs is maintained,
with an optimized hg = 1”7 in this case. It can be seen from Fig. 2.10(c) that the
array with no R-card exhibits a resonance that results in a short circuit at about 1.3
GHz (f = ¢/2h), while the addition of the R-Card nearly doubles the bandwidth.
Further, the high impedance surface of the R-Card directs most of the radiated
energy upward towards free space and away from the ground plane, which increases
radiation efficiency when used in concert with the optimized FSS superstrate. This
substrate loading extends the bandwidth past the limited 9:1 limitation [DSV13b]

with an average loss of only 1.37 dB over the band.
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Figure 2.10: (a) Equivalent circuit of ground plane with free space above and (b)
the addition of an R-Card. The (c¢) input impedance of both cases show how the
resistive card extends the frequency band where the ground plane resonance is a
short circuit.
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12:1 TCDA Design

The TCDA presented in this section is a dual-polarized array that improves on the
bandwidth and designs of [PV16a] and the aforementioned 9:1 array. Notably, the
design employs an improved wideband Marchand balun to feed the UWB dipoles
without introducing common-mode currents. In addition, an FSS superstrate is
designed to enable scanning down to 60° without exciting surface waves [YGV16].
Further, to reduce fabrication and assembly time, the TCDA and feeds are printed
on three layer feed boards. This feeding structure was initially used in the array in
the previous section. However, it has only shown over a 9:1 bandwidth as opposed to
the 12:1 band demonstrated here. The presented array design was also initially op-
timized using the equivalent circuits derived in [DSV13c, MSV12a, ASV12|. Again,
these equivalent circuits model the tightly coupled dipole as a series L (dipole) and
C (coupling), with the superstrate as an equivalent finite length transmission line
terminated by the free space impedance of 377 ). The substrate R-Card was mod-
eled as a shunt resistance in the short circuited transmission line that represents the

ground plane, as in Fig. 2.10(b).

Infinite Array Full-Wave Simulation

The infinite array VSWR for the the E, H, and D planes, with scanning to 60° is
shown versus frequency in Fig. 2.11. The array provides a broadside VSWR < 3 for
0.19 GHz to 2.3 GHz for an impedance bandwidth of 12:1. As previously discussed,
a reduced performance in the H-plane is expected with planar arrays, based on the
variation in the Floquet mode impedance in both planes, with a 1/ cos(f) term
related to the resistance looking into the H-Plane [Whe64]. However, due to the
inherently larger beamwidths at the lower frequencies, it is unnecessary to scan to

the low angle of 60° below 1 GHz with this 7x11. The realized gain of the infinite
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array unit cell is given in Fig. 2.12 with nearly 30 dB of cross-polarization isolation

across the band in the principle planes, and > 15 dB when scanning in the diagonal

plane.
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Figure 2.11: Simulated infinite array VSWR in principle planes (E/H) with scanning
down to 60° from broadside.
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Figure 2.12: Simulated broadside gain of unit cell with more than 30 dB polarization
purity.
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2.2.2 Finite Array Effects

The full-wave infinite array simulations discussed above do not account for finite
array effects that include edge diffractions and diminished mutual coupling at the
array edges. In addition, finite array effects usually result in a narrower operational
bandwidth and mismatched peripheral array elements. Therefore, finite array sim-
ulations are required to predict more realistic array gain and efficiency. Past works
have addressed these finite effects through edge element termination techniques and
improved array excitations with finite arrays in a lab setting, as discussed in Section
1.4.1.

These low profile TCDA are of great interest for airborne applications, where
space savings are key to their operation. One past TCDA was intended for this
application, however it was not designed with its final location in mind, causing ex-
tensive losses at lower frequencies when mounted in platform [Tzall]. To maximize
the radiation efficiency of the array in its final state, the array presented here was
co-designed with typical mounting specifications. Specifically, the airborne plat-
forms’ skins can be seen as radomes. These weatherproof enclosures protect the
array from the outside environment (e.g., wind, rain, ice, sand, ultraviolet rays),
enhance aerodynamics, and provide visual security [Wah09]. An ideal radome is
essentially transparent to antenna’s operational frequencies, however with UWB ar-
rays and the mechanical needs of an aircraft skin this proves to be difficult to tune
over a wide bandwidth. The radome here was modeled with a dielectric constant
of £, = 6, an average value of commonly used aircraft skins. Further, to buffer the
radiators from peripheral electromagnetic interference (EMI), a variety of shielding
techniques were investigated, as depicted by the Walls in Fig 2.13(a). The walls
were modeled as either an extension of the radome itself, a perfect electric conductor

(PEC) to direct the energy, or a resistive wall to emulate the free space impedance.
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These wall structures on the edges of the array are an integral part of the airborne
platform, and must be optimized to increase realized array gain.

To maximize the radiation efficiency of the array in its final state, the array was
simulated with the various walls and a 0.23” thick radome placed 4.2” from the
array face, with an air fill layer, as depicted in Fig 2.13(a). Fig. 2.13(b) shows these
results as a normalized gain referenced to the gain of the finite array surrounded
by free space. It was concluded that the radome introduces losses > 2 dB at the
upper portion of the band, and the PEC wall introduces the most loss overall. These

results inform the cooperative design of the array with the final platform.
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Figure 2.13: Finite array simulation of 12:1 TCDA showing (a) radome geometry
with (b) simulated gain degradation in reference to an array surrounded by free
space.
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2.2.3 Design Construction and Measured Results
Fabrication of 12:1 TCDA

The 7x11 prototype in in Fig. 2.14 was fabricated with a minimum metal toler-
ance of 0.25 mm (10 mil) in accordance with standard low cost PCB processes.
The exact dimensions of are found in in Fig. 2.15 and Table 2.1. The antenna
board is constructed from two layers of Rogers 3003 with ¢, = 3.0. The fabricated
dual-polarized array in Fig. 2.14 was constructed in an ”egg-crate” arrangement
with consideration towards structural stability. Notches were cut into the dielectric
boards to allow an orthogonal fit between the layers as described above. Notably,
the fabricated ground board was milled from a metalized 60 mil FR4 board with
cutouts for securing the antenna cards. A total of four ground plane sections were
joined together with copper tape to form a lightweight, structurally stable ground

plane for testing the array.

. Center Element

Figure 2.14: Fabricated 7 x 11 array secured in anechoic chamber.
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Figure 2.15: Unit cell details of dual polarized D-TCDA used for infinite array
simulation. Views of the identical printed metal layers are given. The metal layers
are spaced equidistant by substrate layers with ¢, = 3.0.

Table 2.1: Unit cell details of dual polarized D-TCDA in Fig. 2.15

Variable | Dimension (mm) | Variable | Dimension (mm)
A 1.56 J 2
B 22 K 20
C 37.2 L 29
D 4 M 3.25
E 6 N 20
F 1.62 O 22.65
G 1 P 0.17
H 102 Q 10
I 39.25 R 92.26

Measured Results for the 12:1 TCDA

The fabricated 7x11 dual-polarized array in Fig. 2.14 was measured and charac-
terized. To see the performance of the finite array, multiple antenna elements were
measured around the fabricated prototype. As documented [Tzall], edge effects on

peripheral array elements degrade low frequency performance due to a lack of mu-
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tual coupling. However, due to the nature of the resistive loading in the substrate
these finite array effects are greatly reduced, with edge elements showing analogous
active VSWR between the center and inner elements as depicted in Fig. 2.16(left).
To measure the gain of the array, the array was placed in a Tapered Chamber with
low frequency cutoff of 180 MHz. A power combiner was used to measure individual
linear arrays in both polarizations, which were then added together to represent the
gain of the full finite array. Following the de-embedding of these combiner losses,
a close comparison of the measured gain to finite simulations was demonstrated.
The measured broadside gain of the array can be found in Fig 2.16(right), with
more than 20 dB of polarization purity. As typical with UWB TCDA, the aperture
area is < A/2 at the lower frequencies, causing the reference directivity equation
of D = 47 A/)? to underestimate the gain (See standard reference directivity in
[Dir14]. Hence, the measured gain exceeds the nominal expression for directivity at
the lower frequency band. Further, the measured patterns in Fig. 2.17 validate the
simulations, showing beam steering down to 60° from broadside in the principle E/H

planes with close relation to simulated patterns using the Active Element Pattern

(AEP) method [Poz94].
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Figure 2.16: (Left) Measured active VSWR of array elements. (Right) Measured
broadside gain of finite array with comparison to simulation
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Figure 2.17: Measured E-Plane (left) and H-Plane (right) patterns of a center ele-
ment showing scan capability down to 60 degrees using the Active Element Pattern
Method.
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2.3 An Extremely Wideband Array for Small Platforms

In this section, we further expand on the TCDA concept to implement a very thin
(A/13.5 thick at the lowest frequency of operation) extremely wideband (EWB)
array. For the first time, the TCDA achieves a contiguous 58:1 broadside impedance
bandwidth (VSWR < 3) with an average radiation efficiency of 72% across the band.
The array is depicted in Fig. 2.18, and includes an FSS superstrate to achieve

scanning down to 60° from broadside across the entire band.

FSS Superstrate

\ ! ~ (Printed on Antenna)

FSS R-Card

) F\Dipoles

Laser-Etched Ground Plane Tapered Balun

(a)

(b)

Figure 2.18: Pictorial representation of the EWB TCDA with FSS R-Card (a)
showing the a 4 x 4 section of the finite array operating from 0.13-7.63 GHz. The
(b) 24.5mm x 24.5mm unit cell is detailed with capacitive overlaps and (c) the
tapered balun stripline feed layers.

Notably, the element-to-element separation of the adjacent array elements is only
A/92 at the low frequency of operation (viz. 130 MHz). The array elements are peri-

odically spaced at Agign/2 apart, where Ag;gp corresponds to the highest operational
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scan frequency of 6 GHz. As such, a 58:1 broadside bandwidth is achieved without
grating lobes. Two other novelties are introduced in this array to achieve such a
large bandwidth: 1) Introduction of a novel frequency selective surface resistive card
(FSS R-Card) within the substrate. The FSS R-Card plays the crucial role of can-
celling the ground plane reflection when the distance between the array and ground
plane are multiples of Ap;4,/2 across the band; 2) A new wideband balun comprised
of an exponentially tapered stripline feed. Notably, bandwidth and efficiency are

verified with measured data.

2.3.1 Design and Simulation of EWB TCDA

The presented dual-polarized TCDA employs a metal F'SS superstrate for low-angle
scanning [YGV16]. The array profile is only Az, /13.5 thick, more than 3x shorter
than a 10:1 Vivaldi array with Agign/2 spacing [LKV18]. As in past TCDA, the
cross-polarized dipole elements are not fed concentrically, but instead the feed cards
intersect at the ends of the dipoles. Again, this design is printed coherently on
the three-layer feed boards to save fabrication and assembly time. The dipole arms
reside in the center layer and the capacitive sheets lie on the outer layers to create
the coupling needed to achieve the current sheet effect. The implementation of the
F'SS resistive card builds on the concept presented in [MSV12a] and serves to cancel
the negative effects of periodic ground plane reflections. In doing so, the bandwidth

is extended to 58:1 with an average loss of only -1.42 dB across the band.

Frequency Selective Resistive Card

The new resistive FSS was placed within the substrate to extend the capabilities

of the TCDA to an impressive 58:1 achievable impedance bandwidth. Fig. 2.19
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shows that inside the band of interest there are six ground plane resonances to be
addressed. Drawing on past implementations of the frequency selective restive card
[MSV12a], this novel R-Card is frequency dependent and tuned for maximum radia-
tion efficiency across the entire band by only attenuating the ground-reflected waves
at the frequencies where the resonances occur. In order to expand the bandwidth
of the R-Card, a stacked card implementation of 2 and 4 cards was investigated,
as shown in Fig. 2.20. Others have utilized this multi-layered resistive loading
technique to achieve up to 33:1 bandwidths with efficiencies greater than 50% with

fragmented arrays [MBL"11].
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Figure 2.19: Floquet port reflection response with plane-wave excitation of TCDA
unit cell without R-Card.

The resistive cards were optimized using a unit cell of periodic boundaries with
an ideally fed dual polarized TCDA without the balun feed. The differential lumped

port between the dipole terminals allowed for fast computational optimization of the
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designs. First, the A¢gy./2 dipoles were placed at a set height above the ground
plane, to see the magnitude and phase of reflection coefficients of the dipoles in
presence of a ground plane. As expected, the ground plane reflections appeared as
a +180° phase shift that destructively canceled the upward radiating wave for an
efficiency of 0%. To counter this reflection, the number, resistance value, and height
of each R-card implementation was tuned to optimally reduce the magnitude of
the ground reflections and steer the energy to a lower resistance in the superstrate,
for >50% efficiency at these narrow bands. The 4-layer arrangement produced the
desired bandwidth for the intended TCDA radiator, but with wideband losses over
the whole of the band. Therefore, the FSS R-Card in Fig. 2.20(d) was investigated

to mimic the higher order effect of four stacked R-Cards with minimal losses.

TC DA ﬁ“ [a

R- Card
FSS R Card
Substrate '

Ground Plane

e dh db db <

(b) (c) (d)

Figure 2.20: Progression of the 58:1 enabling R-card with the (a) 1-Layer [MSV13,
PV16a] (b) 2-Layer (c) 4-Layer [MBL*11], and (d) Optimized FSS Designs (this
work).

Typical of FSS with ring-type geometry, this resistive FSS has a band-stop re-
sponse [Mun05], with additional optimized teeth for a multi-notch filter behavior.

Further, the resonant frequencies of the FSS are designed to cancel the negative
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Figure 2.21: Pictorial representation of (a) the novel 58:1 enabling FSS R-Card
showing square loop design with (b) unit cell dimensions of the notched teeth. (c)
Simulated S7; magnitude and phase response of a plane wave reflected from an
infinite ground plane in presence of the FSS R-Card

effects of the ground reflections at periodic heights of NA/2 (where N is the num-
ber of corresponding periodic high frequency ground plane reflections). Doing so,
the bandwidth is extended to 58:1 with an average loss of 1.42 dB over the band
at broadside. The square loop’s radius, line widths, and height above the ground
plane were tuned as design variables to achieve the intended filtering response. The
frequency response of the final design is depicted in Fig. 2.21(c), and shows at-
tenuated response only at the periodic frequencies that correspond to the cyclical
ground plane short circuits, viz. NA\/2. The final FSS R-Card design is depicted in
Fig. 2.21. As compared to past resistive FSS [FAZT13, MSV12b], this FSS R-Card

operates over a wider bandwidth due to its higher order response from the optimized

gaps and teeth. Theoretically, the bandwidth a resistive loaded TCDA can be even
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further improved by increasing the order of the FSS R-Card with smaller loops to
resolve higher frequency ground reflections. However, the height of the dipole above
the ground plane is a function of the lowest frequency of operation, while the highest
is determined grating lobes and array spacing. Therefore, as the lateral dimensions
shrink and vertical dimensions stay constant the bottleneck of the design becomes

mechanical considerations and fabrication tolerances.

Extremely Wideband Balun Feed

To excite this 58:1 aperture, two new wideband feeds were designed and evaluated
against the Marchand balun, as illustrated in Fig. 2.22. As discussed, previous
TCDA employed a Marchand Balun to feed the dipole arms. Indeed, the UWB
performance of these TCDA owe to the integration of a Marchand Balun [DSV13c]
that has proven to be a higher order matching network across 14:1 bandwidths
[MSV12a].

However, as depicted in Fig. 2.22(d), the Marchand Balun cannot perform over
a 58:1 bandwidth. As an alternative, the co-planar waveguide (CPW) to co-planar
stripline (CPS) balun in Fig. 2.22(b) was investigated. This feed acted as an
effective balun with cancellation of the common-mode currents across the entire
bandwidth, but lacked the impedance transformation and transmission efficiency of
the tapered balun. The chosen balun in Fig. 2.22(c) draws from [BQG16] with a
stripline configuration of exponentially tapered feed and ground traces. This balun
cancels common-mode currents while transferring the input impedance from 188
Ohms [ASV12] at the dipole to 50 Ohms at the connector in a total aperture profile

of only Ar,/13.5.
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Figure 2.22: Simulated (a) Marchand balun, (b) co-planar waveguide (CPW) to
co-planar stripline (CPS) balun, and (c) tapered balun feeds investigated to excite
the EWB dipoles, with (d) a comparison of insertion loss.

TCDA with FSS R-Card Equivalent Circuit

The EWB array design was initially optimized using the aforementioned equivalent
circuits derived in [DSV13c, MSV12b, ASV12|. Further, as shown in Fig. 2.23(a) a
tapered feed line and series RLC substrate were included to represent the feed and
FSS R-Card. By optimizing the circuit values, a close comparison to the full-wave
model was achieved. It should be noted that these ideal transmission line equivalents
are not 1:1 design guides, but rather tools used characterize the input impedance

response by tuning characteristic impedances, lengths and coupling terms.
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Figure 2.23: (a) Equivalent TCDA circuit with FSS R-Card loading and (b) input
impedance verification of the circuit model versus HFSS.

Verifying the 58:1 TCDA Infinite Array Performance

An infinite array simulation was used to represent the 12 x 12 finite element array
shown in Fig. 2.18. The infinite array VSWR for the principle planes, with scanning
to 60° is shown versus frequency in Fig. 2.24(a). The array was designed for a VSWR
< 3 for 0.13 GHz to 6 GHz for an impedance bandwidth of 46:1 with scanning
without grating lobes. Again, the reduced performance in the low frequency H-
plane VSWR is expected when scanning to low angles due to the 1/cos(0) free space
impedance, hence the mismatch around 2 GHz at 60°. The array is characterized by
its near theoretical gain and average principle plane polarization purity of 40 dB as
Fig. 2.24(b) depicts. As expected, the D-plane cross-polarized gain level rises when
scanning, but the EWB TCDA still exhibits greater than 20 dB cross-polarization
suppression across the band. The simulated radiation efficiency of the infinite array
unit cell is 72% on average, with the lowest efficiency of 50% in the narrowband of
the first ground plane resonance around 1 GHz. This narrowband efficiency drop
is due to the high magnitude of the reflection coefficient present at the fist ground
reflection (phase change in red), as depicted in Fig. 2.21. In theory, this efficiency
can be improved by further tuning the first resonance of the FSS R-Card to have a

lower magnitude response at the first ground plane resonance.
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Figure 2.24: (a) Simulated infinite array active VSWR in principle planes (E/H)
with scanning down to 60° from broadside. (b) Realized gain in principle planes
(E/H) for simulated unit cell with scanning down to 60° from broadside. (c) Realized
gain in D-plane for simulated unit cell with scanning down to 60° from broadside.
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Figure 2.25: Fabricated antenna cards with bowed feeds (left) and with Styrofoam
supports (right).

Material Considerations

The array was designed and fabricated using two layers of 10 mil thin Rogers 3003
substrate for low loss and low cost PCB fabrication. The electrical properties of
Rogers 3003 (tand = 0.001) help in reaching the arrays impressive efficiency over
such a wide bandwidth. However, in practice the mechanical properties of this
Polytetrafluoroethylene (PTFE) material caused bending and bowing in some of
the antenna cards, as seen in Fig. 2.25. These fabrication imperfections can result
in inconsistent elements that reduce element-level coupling and impedance match-
ing. Further, bending in the antenna cards can increase cross-polarized gain lev-
els up to 30 dB for even 1° of misalignment [Lud73]. To reduce this effect, the
23mmx23mmx134.5mm Styrofoam blocks placed in between the cards to set the
FSS R-card height doubled as mechanical supports for the array. The array in Fig.
2.26 is shown without these Styrofoam blocks for clarity of the design. For future
consideration, a prototype implemented on a mechanically rigid substrate, such as

the woven glass ceramic Rogers 4003, would be a better candidate for fabrication.

60



2.3.2 Fabrication and Measured Results

The 12 x 12 dual-polarized array prototype in Fig. 2.26 was fabricated and mea-
sured. The FSS metal superstrate was printed on the vertical antenna cards for
optimized scanning performance. The antenna board was constructed from two lay-
ers of Rogers 3003 with ¢, = 3.0. As before, the fabricated ground board was milled
from a metalized 60 mil FR4 board with cutouts for securing the antenna cards. A
total of four ground plane sections were joined together with copper tape to form
a lightweight, structurally stable and resonance free ground plane for testing the

array.

Figure 2.26: Fabricated 12 x 12 array.

To accurately implement the prototype, the tolerances of commercial PCB man-
ufacturing were constantly considered in the design process, where metal thickness
and via misalignment result in a significant change from the ideal design. This design
used 10 mil diameter vias and a minimum metal tolerance of 0.1524 mm (6 mil) in ac-
cordance with standard low-cost commercial printed circuit board (PCB) processes.
To ensure structural stability, the fabricated dual-polarized array was constructed
in an "egg-crate” arrangement with notches cut into the dielectric boards for an
orthogonal fit between the layers. For ease of fabrication, the array is designed with

no direct electrical connection or soldering required at the joints.
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Fabrication of F'SS Resistive Card

The fabricated FSS R-Card consisted of 25 Q/square Omega-Ply material printed
on a 20 mil thin FR4 substrate, as depicted in Fig. 2.27. An air gap was intentionally
routed from the inner radius of the square loop to allow placement of the antenna
cards through the FSS. Styrofoam supports were used to place the FSS R-Card
at the desired height of 134.5 mm above the ground plane. Note the FSS R-Card
was fabricated and placed in a symmetric orientation to the dipoles, to allow equal

filtering response for both polarizations.

(b)

Figure 2.27: (a) Fabricated FSS Resistive Card with (b) insertion of antenna cards.

Tapered Balun Fabrication

The tapered balun feed structure was fabricated alongside the tightly coupled dipoles
and metallic F'SS superstrate on a two dielectric stack-up, with dimensions given in
Fig. 2.28. The stripline configuration consisted of an exponentially tapered feed in
the middle layer and tapered ground traces on the outer layers, for transferring the

input impedance to 50€) with complete cancellation of the common-mode currents.
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Notably, 10 mil diameter vias with optimized pitch of 2 mm are used to create the
tapered substrate integrated waveguide (SiW) to coupled line feed transition. One
dipole arm is coplanar with stripline center conductor and the second dipole arm
is connected to the backside outer trace by a via as depicted at the top left of Fig.
2.28.

Figure 2.28: Fabricated tapered balun used to excite the tightly coupled dipoles.
Note that the exponential taper in the feed line (Back) is mirrored as the ta-
pered cut on the opposite side of the board (Front), each according to Y (z) =
(D/2)en(A/D)/E)

Table 2.2: Dimensions (Units : mm) of tapered balun in Fig. 2.28

Al B C D F G H

8.51]0.254 | 0.152 | 13.62 | 4 |5268 | 2 18
1

E
I J K L M N @) P
0.3 8 381 1.5 | 0.152 | 0.152 | 0.254 | 0.254
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Measured Results for the EWB TCDA

The fabricated 12 x 12 dual-polarized array in Fig. 2.26 was measured and charac-
terized. More in detail, we computed the active VSWR in Fig. 2.29 and Fig. ?? by
adding the linear reflection coefficient of the element under test with the coupling
terms from the surrounding elements of the 12 x 12 dual-polarized array. As seen,
the measured VSWR of the central elements yields a 58:1 impedance bandwidth
with VSWR < 3 from 0.13 GHz to 7.63 GHz at broadside, as simulations suggested.
The VSWR in Fig. 2.29 rises to a maximum of 4.4 when scanning, as expected by

the 1/cos(0) free space impedance in the H-plane.
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Figure 2.29: Measured E-Plane (left) and H-Plane (right) active VSWR of the center
array element with scanning to 45° and 60° from broadside.

The measured coupling terms are presented in Fig. 2.30, with the S5; from a
center element to a collocated center element, from a center element to an element
3 unit cells away and another from the center to the edge of the array. As expected,
coupling decreases with frequency and distance, with an average isolation of 22 dB
over the band and a maximum of 11.6 dB for the collocated center element.

To evaluate the performance of the finite array, multiple antenna elements were
measured around the fabricated prototype. As documented [Tzall], edge effects
on peripheral array elements degrade low frequency performance due to a lack of

mutual coupling. However, due to the nature of the resistive loading in the substrate
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these finite array effects are greatly reduced, with edge elements showing analogous
VSWR and realized gain figures to the center and inner elements as depicted in Fig.

2.31 and Fig. 2.32.

Colocated
3 unit cells away]|
6 unit cells awa

s,, (dB)

0 1 2 3 4 5 6 7
Frequency (GHz)

Figure 2.30: Measured coupling of the center element to other array elements at
various distances.
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Figure 2.31: Measured broadside active VSWR of the center, off-center, and edge
array elements.

The measured broadside gain of these embedded elements is plotted Fig. 2.32
with comparison to the simulations. Gain measurements are only shown for fre-
quencies greater than 650 MHz due to the low frequency cutoff of the reference
horn. Likewise, the measured cross-polarized polarization purity is limited to 20
dB on average by the properties of the reference horn, with some bands showing
up to 36 dB isolation. The measured D-plane col-polarized and cross-polarized gain

according to Ludwig’s 3rd definition [Lud73] are found in Fig. 2.32. As stated, the
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cross polarized gain levels are limited by the polarization purity of the reference
horn used, but show more than 20 dB polarization purity at § = +0°. To show
the cross polarization purity of the array, a D-plane § = £45° and 6 = +60° theta

cut is included in Fig. 2.32 with a polarization purity of 17 dB on average out to

0 = +60°.
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Figure 2.32: (Left)Measured broadside gain of center element vs. simulation. The
co-polarized gain of several array elements is included to show finite array effects.
(Right) Measured D-plane co-polarized and cross-polarized gain at theta 0°, 45°, and
60° cuts. A polarization purity of 17 dB on average is achieved out to § = +60°.

The measured gain patterns for a single center element are shown in Figs.
2.33.The patterns are extracted for scan angles of 45° and 60° from broadside scans
using the Active Element Pattern method [P0oz94] to show the scanning capability
of the array with the mathematical equivalent of a loss-less beamformer up to the
grating lobe frequency cutoff of 6 GHz. It can be seen that the measured patterns
are well correlated with simulations for the entire band. The 7 GHz plot in Fig.
2.33 was included to show the verification of broadside operation at the high band,

with the expected grating lobes arising with the 45° and 60° scans.

66



650 MHz E-Plane o 650 MHz H-Plane

m -5 @ -5 \
5= z 3
S-10 £-10 "
= = \
&5 a-15
20l 20
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
fldea) d(dea)
2 GHz E-Plane 2 GHz H-Plane
’I \\ 'I 74 0
m -5 / m -5
=2 z
S-10 £-10
= =
S5 a -15 ﬂ
-20 e -20 Ala kil A
90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 90
o(deq) d(deg)
4 GHz E-Plane 0 4 GHz H-Plane
m -5 m -5
z ] B
=10 .10
£ £
=15 & .15
-20 A -20
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
O(deg) O(deg)
6 GHz E-Plane o 6 GHz H-Plane
m -5 m -5
s =
-0 1 .10
= ; =
& -15 "o & 15
oy LA

-20 -20 .
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90

o(deg) d(deg)
7 GHz E-Plane o 7 GHz H-Plane
m -5 m -5
=2 z
o =
E -10 g -10
S 15 o -15

-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
f(deg) d(deg)

I— Meas Broadside—Sim Broadside = Meas 45°—Sim 45°— Meas 60°—Sim 60°|

Figure 2.33: Measured E-plane (left) and H-plane (right) gain patterns showing
scanning down to 60° from broadside for 6560 MHz, 2 GHz, 4 GHz, 6GHz, and 7
GHz using the AEP method.
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CHAPTER 3
UWB DIFFERENTIAL FEEDS

In this chapter, TCDA with UWB differential feeding and wide-angle scanning
capability are presented at UHF-S bands (0.4-3.2 GHz) and S-Ku bands (3-18 GHz).
A key aspect of a differential array is its direct compatibility with existing wide-
band differential components [Spil6] that enable high dynamic range and linearity.
Further, differential signals provide inherent lower distortion in response to noise
and interference from power supplies. Even more, distortions due to even order
harmonics from nonlinear devices can be suppressed by differential feeds [Poz12].

As mentioned in Chapter 2, the S-Ku bands have great potential in airborne
platforms, with coverage of altimetry, weather, surveillance, SATCOM communica-
tion, and fire control radar bands. Further, the 0.4 GHz to 3.2 GHz spectrum has a
large number of legacy and modern applications that could easily realized with an
UWB array. A TCDA that spans these frequencies could be used in a wide variety
of sectors, such as: 1) the commercial band of 2.31-2.36 GHz that Sirius XM radio
broadcasts on, 2) the scientific 2.29-2.3 GHz spectrum which the NASA Deep Space
Network relies on, and 3) the 2.7-2.9 GHz airport surveillance bands. Even more,
this UHF-S band array covers both the 900 MHz and 2.4 GHz industrial, scientific
and medical (ISM) bands that provide a multitude of services. In fact, this applica-
tions of this spectrum are nearly endless, where one platform can seamlessly replace
the narrowband Global Positioning System (GPS) systems (spread between 1.17 to
1.57 GHz), the specialized 1.42 GHz band used for imaging hydrogen in interstellar
space, and more. Therefore the deployment of an UWB differential TCDA with
scanning capability in the UHF-S bands (0.4-3.2 GHz) and S-Ku bands (3-18 GHz)

is of considerable interest.
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As discussed in Section 1.5.2; all the aforementioned TCDA employed single-
ended feeds for low angle scanning over wide bandwidths. Unfortunately, these
feeds introduce the possibility of broadside common-mode currents. Conversely, dif-
ferential feeds inherently cancel common-mode currents at broadside, but exhibit
common-modes when scanning to low angles. For instance, the UWB differential
feeds in [BSC93, EO60, LLK04, dLAGGP*10] were plagued by common-mode reso-
nances when scanning in the E-plane nearing angles down to 45°. Hence, the major
challenge in the design of full differential radios is the reduction of these common-
mode currents present in the feed-lines when scanning. Notably, common-modes
arise for particular scan angles and frequencies in the differential feed lines due to
destructive mutual coupling between elements in presence of a third conductor (i.e.
ground plane). If not addressed properly, these common-modes radiate in a manner
that significantly reduces total efficiency and impedance bandwidths of balanced an-
tenna structures [S. 08]. The most prevalent way to suppress these scan-dependent
common-modes is to employ a balanced-to-unbalanced feed (i.e balun), thereby
avoiding differential feeding altogether [DSV13c, LKLV18, HV11]. Other methods
have been explored to remove such modes by employing conductive E-Plane walls
to disrupt the fields in single polarized arrays [BSC93, EO60], or by using resistive
terminations to attenuate the common-modes [LLKO04]-[dLAGGP*10].

To realize a differential TCDA (D-TCDA), a new feed structure, referred to as
the Balanced Wideband Impedance Transformer (BWIT), is presented (see Fig. 3.1
right). This feed is directly compatible with differential power amplifiers, which re-
moves the potential phase and amplitude mismatches and associated losses of UWB
baluns. Physical symmetry is used to achieve cancellation of the common-modes

across a continuous > 6:1 impedance bandwidth while scanning.
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Figure 3.1: Attributes of Marchand Balun and BWIT fed tightly coupled dipoles.

3.1 S-Band Differentially Fed TCDA Design

3.1.1 Differential Feeding Network

Most previously mentioned TCDA employed an integrated Marchand balun [DSV13c]
with the characteristics of that in Fig. 3.1 (left). In this chapter, the tightly coupled
dipoles are being excited through the BWIT feed network of Fig. 3.2(a). This feed
consists of two Marchand baluns arranged in parallel, as illustrated by the circuit
in Fig. 3.2(b). As depicted, the BWIT employs a mirrored series open stub (Z,.)
and a parallel short stub (Z.) in each feed line. Symmetry between the feed lines
is maintained for balanced transmission of opposite phase signals from the feed to
the aperture. The length and characteristic impedance of these stubs are tuned to
achieve wideband matching, with a concurrent goal to suppress common-mode cur-
rents across large bandwidths at all scan angles. Fig. 3.2(c) validates the equivalent
circuit representation of the BWIT feed. While not having the exact circuit param-

eters, it uses tunable values to establish a behavioral model for the feed network.
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Using this equivalent circuit, the overall D-TCDA can be optimized quickly with
circuit software, prior to conducting more time-consuming full-wave simulations.
Fig. 3.3 shows the surface current distribution on the array, with clear cancellation
of common-mode currents along the mirrored feed lines when scanning. This allows

for resonance-free scanning down to 45° over a wide bandwidth.
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Figure 3.2: Transmission line equivalent circuits of (a) Marchand balun with (b)
Equivalent Circuit and (c) Differential Feeding Network with (d) Equivalent Circuit.
(e) Verification of the BWIT equivalent circuit model for the fabricated design
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Figure 3.4: Current vectors displayed on the BWIT feed for the 45° case showing
common-mode current cancellation.
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Tightly Coupled Dipole Element Design

The TCDA design in Fig. 3.4 employs two independent linear polarizations using an
egg-crate configuration for ease of assembly, similar to the aforementioned TCDA.
Also, a metal FSS superstrate is employed for low-angle scanning with FSS design
considerations following that outlined in [YGV16]. Again, the feed cards intersect
at the ends of the dipoles. Fig. 3.5(a) shows the layout of a past L-band dual-
polarized TCDA following the design reported in [PV16a]. For ease of fabrication,
horizontal dipole arms of each linear polarization were employed. As depicted in
Fig. 3.5(a), capacitive coupling among the dipoles was realized using metal strips
printed on the opposite side of the substrate. Fig. 3.5(b) shows the previously de-
scribed method using three-layer boards to introduce more capacitive coupling and
improve bandwidth. However, the increased number of boards to realize a symmet-
ric differential feed extends the distance between the tightly coupled dipole arms.
This implies less capacitive coupling between neighboring dipoles and a smaller
impedance bandwidth. To resolve this issue, a dual-offset approach to the dipole
arms was investigated. This topology is depicted in Fig. 3.5(c) and compensates
for the larger capacitive gaps by offsetting the dipole arms and adding co-planar
parasitic coupling layers. Doing so, additional capacitance is introduced to counter
the inductive effects of the ground plane and improve lower frequency performance.
As depicted in Fig. 3.6, a metal via connects the dipole arms on the center layers

to the feed structure on the outer layers.

3.1.2 Differentially Fed TCDA Simulations

For simplicity, an infinite array simulation was used to represent the 8 x 8 finite

element array using ANSYS HFSS v.19. As depicted in Fig. 3.6, simulations were
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Figure 3.5: Various approaches to realize capacitive coupling in TCDAs and achieve
wide bandwidths.

performed using a pair of differential 50€2 lumped ports, excited with phases of 0° and
180°. Post-processing was used to represent the differential feed performance of each
polarization as a balanced port. The infinite array VSWR in the principle (E/H)
and diagonal planes (D-plane), with scanning to 45° is given in Fig. 3.7. As seen, the
array provides a broadside VSWR < 3.5 across 0.4-3.2 GHz, implying an impedance
bandwidth of 8:1. As typical with low profile perfect electric conductor (PEC)
backed arrays, the H-plane scanning VSWR degrades at lower frequencies, given
the variation in the Floquet mode impedance in both planes, with a 1/ cos(f) term
related to the resistance looking into the H-Plane [Whe64]. This can be neglected at
the lower bands provided that the inherently wider beamwidths do not require wide-
angle scanning. Full wave gain predictions are given in Fig. 3.8 with reference to the
area of a periodic unit cell. These show that a near theoretical gain is achieved with
40 dB average polarization isolation in the principle (E/H) planes, and >20 dB in
the D-plane. After optimizing the array using 8 X oo semi-finite simulations (infinite

in one direction and finite in the other), the design was fabricated and measured.
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Figure 3.6: Representation of the differential feed performance for each polarization
using balanced S-parameters.

3.2 D-TCDA Prototype Fabrication and Measurements

3.2.1 D-TCDA Prototype Fabrication

For validation, an 8 x 8 D-TCDA prototype was fabricated and measured. The
antenna board was constructed from three 20 mil Rogers 5880 (¢, = 2.2) laminates,
with a metal tolerance of 0.25 mm (10 mil) and dimensions as shown in Fig. 3.9
and Table 3.1. For the fabricated design, an FSS metal superstrate was printed
on the vertical antenna cards and optimized for scanning performance, as in the

previous designs. For ease of assembly, notches were cut into the dielectric boards
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Figure 3.8: Realized Gain of the D-TCDA infinite array unit cell with 40 dB of
polarization purity.

of the dual-polarized array to enable an egg-crate arrangement with consideration
towards structural stability. Notably, no direct electrical connection or soldering
was required at the joints, therefore avoiding the pitfall described in [PV16a]. A
total of four ground plane sections were joined together with copper tape to form
a large, lightweight, structurally stable and resonance free ground plane for testing

the array (see Fig. 3.10).
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Figure 3.9: Unit cell details of the fabricated dual polarized D-TCDA. The mirrored
metal layers are printed on 20 mil substrate layers with relative dialectic constant
of g, =2.2.

Table 3.1: Dimensions (Units : mm) of D-TCDA in Fig. 3.9

A28 D|21]G|058|J |56 M| 229 |P|0.51
B[22 E|26 H|108 | K| 11 | N | 76 | Q|0.25
C|118|F |33 |I]| 48 |[L|091 O |11.33| R |091

3.2.2 D-TCDA Measurements

For measurement, a 4-port Vector Network Analyzer (VNA) was operated in dif-
ferential mode where two ports (e.g. ports 1 and 2) act as an ideal 180° hybrid
coupler to measure the balanced S-parameters for each dipole. Phase matched ca-
bles were used to ensure a 180° phase balance between the ports. The active VSWR
presented is a function of the balanced Si; of each dipole element in addition to
the balanced coupling term from neighboring dipoles (see Fig. 3.6). The embedded
center and edge element gains of an otherwise match-loaded 8 x8 dual-polarized ar-
ray (depicted in Fig. 3.10) were measured using a Marki Microwave BAL0003 balun

that was de-embedded in post-processing.
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Measured active VSWR of a center element is depicted in Fig. 3.11 as a func-
tion of frequency with comparison to semi-finite simulation results. As seen, the
measured active VSWR yields an 8:1 impedance bandwidth with VSWR < 3.5 from
0.4 GHz to 3.2 GHz at broadside, in agreement with simulations. The measured
broadside co-polarized and cross-polarized gains of an embedded center element and
an edge element are plotted in Fig. 3.12 with comparison to simulations. Although
normally used as a guard element for matching purposes, edge element gain is given
to include finite effects, with an expected reduction in gain vs. the center element.
Gain measurements are only shown for frequencies greater than 650 MHz due to
the low frequency cutoff of the reference horn. Likewise, the simulated 40 dB av-
erage polarization diversity is limited to 22 dB on average by the properties of the
reference horn.

The measured gain patterns for a single center element are shown in Fig. 3.13,
and are well correlated with semi-finite simulations. The patterns are extracted for
scan angles of 45° from broadside using the Active Element Pattern (AEP) method
[Poz94]. As seen, measured patterns follow the predicted values. The measured
D-plane co-polarized and cross-polarized patterns, computed in accordance with
Ludwig’s 3"¢ definition [Lud73], are found in Fig. 3.14. As stated, the cross-polarized
gain levels are limited by the polarization purity of the reference horn, but show > 20

dB polarization purity down to § = £60° from boresight.
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Figure 3.10: Fabricated 8x8 array.
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Figure 3.11: Measured active VSWR of an embedded center element as a function
of frequency vs simulations.
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Figure 3.12: Measured broadside gain of an embedded center element as a function
of frequency vs simulations. A polarization purity > 20 dB is achieved across most
of the band
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3.3 Ku-Band Differentially Fed TCDA Design

3.3.1 Ku-Band Differentially Fed TCDA Simulations

To show the frequency scalability of the BWIT feed structure, the array was scaled
to Ku band operation with 18 GHz /2 spacing. Of course, direct frequency scaling
shows a 1:1 frequency performance shift, but this is not always viable due to the
set thicknesses of PCB substrates. For this array, depicted in Fig. 3.15, the scaled
D-TCDA was designed on three layers of 5 mil thick rigid Isola Tachyon (e, = 3.0)

substrates to ensure mechanical stability for the small array.

3x3 Array _ Stripline

< Grounds

N X
Feed #1 - “, Feed #2

1<0° 1 < 180°
@ ® ©

Figure 3.15: Pictorial representation of (a) Ku band D-TCDA array, (b) unit cell
with planar breakout feed structure, and (c) BWIT details

The Ku band array was designed using standard PCB tolerances of 0.15 mm
(6 mil), with feature sizes as in Fig. 3.16. The simulated performance of this
scaled version is found in Fig. 3.17, with 6.4:1 impedance bandwidth with VSWR
< 3 across most of the band. Again, the H-plane scanning VSWR degrades at the
lower frequencies, given the Floquet mode impedance 1/ cos() behavior in the H-
Plane [Whe64]. As expected, a near theoretical gain is predicted for the matched

bandwidth, with more than 70 dB of polarization isolation in the principle planes.
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Figure 3.17: (a) Active VSWR and (b) broadside gain of Ku band D-TCDA infinite
array simulation.
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3.3.2 Planar Feed plan

It is widely known that fabrication of a high frequency array with small tolerances
is challenging. At Ku-band, the tolerances of PCB manufacturing must be carefully
considered in the design process, with metal thickness and via pad diameter resulting
in a significant change to the ideal design. Furthermore, at high frequencies, direct
connection between the antenna card and connectors becomes difficult, especially
in the case of a dual-polarized differential unit cell. At these frequencies, even
SMPM and G4PO connectors are prohibitively large in size to actively feed multiple
differential elements. Hence, the vertical antenna cards were designed to be edge-
plated and drilled, for mounting to a breakout board to embedded stripline signal
paths. The breakout board in Fig. 3.18 was designed to integrate into a fully
printed system on PCB. This test structure can be de-embedded via post-processing

to characterize the antenna in absence of the feed line losses.

Solder Antenna Horizontal
GND landing pad
to vertical
solder
Solder point
Mask
]
Strip-line §
Breakout Micro-strip
Feeds s Breakout
Feeds

Figure 3.18: Feed board for 18 GHz D-TCDA.
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CHAPTER 4
STUDY OF LOW-COST MM-WAVE TCDA

With rapidly increasing demand for high data rates, wirelessly connected devices
(e.g. cell phones, cars, watches) need multi-functional radios at millimeter-wave
(mm-wave) and 5G frequencies. To accommodate these sparsely allocated spec-
trums (e.g. 6 GHz, 28 GHz, 60 GHz, 77 GHz), antennas must be ultra-wideband
(UWB) and integrated with transceivers. Further, the high path-losses at these fre-
quencies require high gain arrays with wide-angle spatial coverage. At present, many
of available mmW arrays are fabricated using expensive micro-fabrication techniques
such as integrated antennas-on-chip [SJL"14, SCNS18] and Low Temperature Co-
fired Ceramic (LTCC) [LLJ*19, LCQ14]. Of course, integrated antennas-on-chip
antennas have the draws of compact profiles and ease of integration with RF inte-
grated circuits (RFIC), but are plagued by the losses of the Silicon substrates. The
resulting low efficiency can be improved through the use of FSS and EBG structures,
but only over a narrowband [BAPT12, AJM*17]. Conversely, Antenna-in-Package
(AiP) arrays employ low loss substrates (i.e. LTCC, PCB) for improved radiation
efficiency. Yet LTCC in practice involves shrinkage factors and is known for low
processing yields [KLN*11]. Notably, both the Si substrates and LTCC tapes have
high dielectric constants (e, > 6), which can introduce surface waves and preclude
phased array operation. Further, these LTCC and micro-fabrication techniques are
Very expensive.

Recent UWB arrays have addressed the expensive fabrication problem with flip-
chip printed circuit board (PCB) antenna fabrication in mind [JDRGHN™18]. How-
ever, the majority of the focus on 5G has been on the narrowband implementation
of the 60 GHz ISM bands [ACP*13, HBG13]. Past works have introduced the idea

for using PCB for UWB mm-wave antennas, but without plans for integration into
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5G radios [Novl7, MKCS17, WFQX17]. Further, these arrays lack the polarization
diversity and differential feeding necessary for 5G applications [Spil6]. The follow-
ing dual-polarized TCDAs will serve as the basis for testing and evaluating future
5G beamformers operating from C to W bands and beyond. Notably, these array
are designed on PCB substrates for peak radiation efficiency, to be later integrated
into a System in Package (SiP) radio. These arrays enable the realization of future

5G UWB beamformers and transceivers.
4.1 Novel Mm-wave Beamformer Architecture

Realizing low cost fabrication and beamforming across wide bandwidths in mm-
waves is the foundational challenge of this chapter. To address this challenge, we
present multiple mm-wave TCDA as the physical layer of the envisioned 5G radio in
Fig. 4.1. As described in prior chapters, one design variation employs a frequency
scaled Marchand balun for single ended receiver applications, with another archi-
tecture employing differential feeds. Our novel designs brings forward the following

innovations:

1. Dual-linear polarized and ultra-wideband (UWB) scalable aperture TCDAs
operating across > 50 GHz of instantaneous bandwidth. These designs realize

full polarization diversity for reliable communications.

2. Array thickness is (< Agign/2). Such small dimensions make these arrays very

attractive for mobile platforms.

3. Wide angle beam-steering/scanning capabilities down to 60° from broadside

to enable wider spatial communication among small mobile platforms.

4. Multiple UWB feeding techniques with vertical integration for reliable opera-

tion and low-cost integration of mm-wave phased arrays.
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4.1.1 Multi-Layer Antenna Integration

Each array is designed for layer-by-layer integration to mate directly with other
modules onto a core signal distribution panel. This follows the SiP approach that
incorporates 1) PCB array plane, 2) RF front-end circuitry (e.g. flip-chip SiGe die),
and the 3) digital modules packaged ball grid array (BGA). Details of the envisioned
integration are given in Fig. 4.1. The two most obvious advantages are compactness
and mobility. Further, this hybrid packaging approach allows for co-integration of
custom and commercial off-the-shelf (COTS) components using standard fabrica-
tion processes. The fabricated mm-wave arrays will directly integrate with RFIC
transceivers for high efficiency millimeter-wave flip-chip radios through vertical elec-
trical interconnects (e.g. BGA). Notably, the ground plane doubles as a protective
layer to isolate the efficient PCB radiators from lossy RFIC back-end components.
However, in this dissertation, the array is first vertically interconnected to a UWB

feed board and tested in standalone fashion for validation of the aperture layer.

Millimeter-wave TCDA

< 1.5 mm

Figure 4.1: Integrated millimeter-wave transceiver concept.
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4.2 Egg-Crate Design with Simplified Balun Feed

4.2.1 Simplified Marchand Balun for 30 GHz Operation

The array in Fig. 4.2 employs two polarizations of tightly coupled dipoles excited
by a simplified microstrip Marchand Balun feed. This feed draws from Chapter 2
with an integrated Marchand Balun that acts as a higher order matching network.
Again, the Marchand Balun uses a series open stub and a parallel short stub, whose
impedance and lengths are tuned to achieve a broadband match. Contrary to the
antenna in Chapter 2, these designs use only a single substrate layer (viz. microstrip
instead of stripline), for extremely low cost fabrication. Further, no vias are included
in the balun design, for further simplification. This microstrip feed efficiently trans-
fers the 50€2 port impedance to the 1882 input impedance of the tightly coupled
dipole for operation from 4 GHz to 30 GHz. The infinite array VSWR for this array
(see Fig. 4.2) is given in Fig. 4.3.

As seen, the array provides a broadside VSWR < 3 across 4 GHz to 30 GHz,
implying a broadside impedance bandwidth of 7.5:1. Notably, this array scans down
to 60° in all planes with a VSWR < 4 across the band. The simulated gain of a
unit cell is provided in Fig. 4.4 for the E/H and D-planes with a close comparison
to the theoretical gain. Also depicted in Fig. 4.4, the E/H-plane cross-pol isolation
exceeds 20 dB across all scan angles, and the D-plane shows more than 10 dB while
scanning to 60°. Scan patterns for 5G (6 GHz and 28 GHz) and SATCOMM (18
GHz) frequencies are given in Fig. 4.5. As expected, the patterns for the derived
Active Element Pattern (AEP) [Poz94] are similar to the simulated semi-finite case.
These patterns show that 60° scanning is achieved for frequencies of commercial and

scientific interest.
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Figure 4.2: Pictorial representation of Ka-band array, unit cell, and feed details.
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Figure 4.3: Simulated active VSWR of Ka-band TCDA infinite array unit cell
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Figure 4.4: Realized gain in the principle planes (E/H) (left) and D-plane (right)
for the simulated unit cell with scanning down to 60° from broadside.
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Figure 4.5: Realized gain patterns of Ka-band TCDA using AEP (left) and finite
array simulations (right) with scanning to § = 0°, 45°, and 60°.
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Ka-Band Egg-Crate mm-Wave TCDA Fabrication

The low-cost array employs standard PCB processes and dimensions for mass-
production. The antenna was constructed from one rigid Rogers 4003 (¢, = 3.6)
laminate. The minimum metal tolerance is 0.0762 mm (3 mil) in accordance with
commercial PCB processes, as detailed in Fig. 4.6 and Table 4.1. As depicted, the
76.2 micron metal traces were accurately printed using the LPKF Protolaser U4
laser etcher at FIU’s RFCOM Lab. As with previous TCDA, the Ka-band array is
constructed in an egg-crate, as depicted in Fig. 4.7 (left). This UWB integrated
array in Fig. 4.7 (right) is an attractive candidate for mobile SATCOM and 5G
platforms due to its small size and weight (< 8 mm tall and < 1g). The UWB feed

structure used to excite the array is discussed in the following sections.

A B
—
I.I|D

—t
—a

P
T

o - -
S

Figure 4.6: Fabrication details for egg-crate Ka-band TCDA.

Table 4.1: Dimensions (Units : mm) of V-band TCDA in Fig. 4.2

Al09 | F |015| K |045 | P |0.12
B|192|G |025| L | 24 | Q196
C|015|H | 01 | M|162 R |0.23
D25 |1 [031]| N |022]|S]0.23
E |08 | J [355|0 | 37 | T| 15
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Figure 4.7: Pictorial representation of egg-crate Ka-band TCDA installment and
array visualization

4.2.2 Simplified Marchand Balun for 70 GHz Operation

The above design was scaled to 70 GHz as depicted in Fig. 4.8. Notably, no
perforations were included in the design of the V-band balun to create a simplified
microstrip TCDA. This design improves on the 3:1 single polarized millimeter-wave
TCDA presented in [NMV18]. Specifically, it enables 1) greater bandwidth, 2)
simple construction with integrated balun, 3) dual polarization, 4) scanning to 60

° and 5) ease of measurement for active feeding.

Figure 4.8: Simulated active VSWR of V-band TCDA infinite array unit cell
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For simplicity, an infinite array simulation was used to model the 8 x 8 finite
element array using ANSYS HFSS v.19. The infinite array VSWR is given in Fig.
4.9. As seen, the array provides a VSWR < 3 from 21 GHz to 70 GHz, implying
a broadside impedance bandwidth of 4:1. Notably, this is the first array to achieve
scanning down to 60° in all directions across 21 GHz to 60 GHz. Full wave realized
gain predictions are given in Fig. 4.10. These show that a near theoretical gain
is achieved over the 5G bands, with more than 30 dB of cross-polarization purity

down to 60° scan angles.

V-Band TCDA Active VSWR

20 30 40 50 60 70
Frequency (GHz)

Figure 4.9: Simulated active VSWR, of V-band TCDA infinite array unit cell
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Figure 4.10: Realized gain in the principle planes (E/H) (left) and D-plane (right)
for the simulated unit cell with scanning down to 60° from broadside.
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Figure 4.11: Realized gain patterns of V-band TCDA using AEP (left) and finite
simulations (right) when scanning to # = 0°, 45°, and 60°.
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V-Band Egg-Crate Mm-Wave TCDA Fabrication

The low-cost array employs standard PCB processes and dimensions to avoid the
pitfalls of low yield processes like LTCC [LLJT19]. The antenna in Fig. 4.12(left)
consists of one Rogers 4003 (¢, = 3.6) laminate with features as shown in Fig.
4.12(right). The minimum metal tolerance is 0.0762 mm (3 mil) in accordance with
commercial PCB processes, as detailed in Fig. 4.13 and Table 4.2. As depicted,
the 76.2 micron metal traces were accurately printed using the LPKF Protolaser
U4 laser etcher at FIU’s RFCOM Lab. For reference the stand-alone 8 x 8 array
in Fig. 4.14 is placed next to a US quarter. This integrated array is an attractive
candidate for mobile 5G platforms due to its small size and weight (< 2 mm tall
and < 1g), with almost 50 GHz of available bandwidth. The UWB feed structure

used to excite the array is discussed in the following sections.

Figure 4.12: Fabricated egg-crate mm-wave TCDA
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Figure 4.13: Fabrication details for egg-crate mm-wave TCDA.

Table 4.2: Dimensions (Units : mm) of V-band TCDA in Fig. 4.8

A|034|F (007 K| 02 |P]0.07
B|069 G 065 L |063|Q]|0.43
C|007|H |007 M| 01 |R|O0.12
D 06 | I |007|N/J]025S]|0.14
E|(025] J | 1.0 | O |062|T)0.38

Figure 4.14: Fabricated egg-crate mm-wave TCDA with size referenced to a US
quarter
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4.3 Differential 5G Millimeter-Wave Array

As previously mentioned, recent advancements in differential RF front-end compo-
nents, such as commercial push-pull amplifiers provide significant increases in the
operational bandwidths of balanced 5G transceivers [Spil6]. These signals have the

following attributes [Poz12]:

e lower noise in the transceiver chain
e high dynamic range and linearity
e lower distortion in response to noise and interference from power supplies

e suppressed even-order harmonic distortions

However, as discussed in Chapter 3, differentially fed antenna are plagued by
common-mode resonances when scanning in the E-plane down to low angles from
boresight. In [BSC93, EO60, LLK04, dLAGGP*10], UWB arrays with differential
feeds were presented. However, these arrays exhibited common-mode resonances
when scanning in the E-plane nearing angles down to 45°. Again, these common-
modes arise for particular scan angles and frequencies in the differential feed lines due
to destructive mutual coupling between elements in presence of a third conductor
(i.e. ground plane). The effect of these modes is exacerbated when they radiate,
causing a significant reduction in the efficiency and impedance bandwidth of the
balanced antenna structure [S. 08]. Hence, the major challenge in the design of full
differential radios is the reduction of these common-mode currents present at the
aperture when scanning.

The most prevalent way to suppress scan-dependent common-modes is to em-
ploy a balanced-to-unbalanced feed (i.e. balun), thereby avoiding differential feeding

altogether [DSV13c]. However, this requires a single ended RF front-end which is
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not compatible with differential power amplifiers and would require additional hard-
ware. Another method employs conductive E-Plane walls to disrupt the fields be-
tween neighboring linear arrays [BSC93, EO60], but this approach is limited to single
polarized arrays only. Alternatively, resistive terminations can be exploited to at-
tenuate the common-modes, at the cost of significant losses [LLK04, dLAGGP*10].
Most importantly, there are no UWB phased arrays with differential feeds at mm-

waves in the literature.

Millimeter-wave TCDA Unit Cell

) l 1.38 mm

A’mm

Capacitive Overlap

|

Via Twin Line

Details

Lumped Port

Figure 4.15: Pictorial representation of a Dual polarized Differential TCDA array
with Unit Cell of the design.

In this section, we present a dual-polarized UWB differentially fed array for mm-
waves, shown in Fig. 4.15. The array is developed for operation across K to W and
5G bands (viz. 22-80 GHz). To remove the E-Plane scan resonance, a novel multi-
layer dual-polarized H-wall structure, shown in Fig. 4.15, is introduced to eliminate
the scan-dependent common-modes. In this section, an optimized dual-polarized
phased array with 1) differential feeding at mm-waves, 2) low angle scanning capa-

bility, and 3) simple low cost fabrication with standard PCB processes is presented.
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4.3.1 Differentially Fed TCDA Design

A just mentioned, the printed Marchand balun feeding structure for the TCDA is
not suitable for mm-wave transmit applications. Instead, we expand on the differ-
ential S and Ku band TCDAs presented in Chapter 3, for adaptation to mm-waves.
Improving on the 3:1 single polarized mm-wave balun-fed TCDA [NMV18], this dif-
ferential design uses a dual-polarized topology for full polarization diversity. The
simple design uses symmetric coplanar dipoles with a cross-shaped overlapping ele-
ments to introduce capacitive coupling in a planar low profile of 1.38 mm, as depicted
in Fig. 4.15. The tightly coupled dipoles are excited by the differential twin 4 mil
diameter via feed in Fig. 4.16 (right), where symmetry between the feed lines is
maintained for balanced transmission of opposite phase signals across a wide band-
width. A dielectric superstrate improves impedance matching when scanning to
60°. As seen in Fig. 4.17(a), a broadside VSWR < 2 is achieved across the band.
However as expected, a resonance does occur when scanning in the E-plane. To
remove that resonance, the multi-layer dual-polarized H-wall structure detailed in
Fig. 4.15 was designed to disrupt the scan-dependent common-modes and remove
them from the band. This is similar to the concept in [BSC93|, but implemented in
a dual-polarization.

No H-Wall: 45° E-Plane Scan at 46 GHz With H-Wall: 45° E-Plane 5can at 46 GHz
L= LE

E-Plane Scan Resonance

- Twin Line Feed
o = e
- .«‘-.' L4

-wall

High Field Intensity

Figure 4.16: Magnitude of the Electric Field £ and Electric Current J vectors in
the E-Plane for 45° scanning. It shows that the differential feed lines radiate (left)
and the removal of common-mode resonance with the H-Wall Structure (right).
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4.3.2 Removal of E-Plane Scan Resonance

As depicted in Fig. 4.16 (left), the feed lines cause a resonance when scanning in

the E-plane. These feed lines radiate due to the common-modes introduced by the

high intensity fields between neighboring unit cells in the E-Plane. Fig. 4.16 (right)

shows that the fields in the substrate of the dipoles are confined between the feed

lines with lower intensity for efficient radiation even when scanning to 45°. Full

wave simulations of the optimized array in an infinite array setup show that the

D-TCDA with H-wall exhibits VSWR < 3 across 22-80 GHz and scanning down to

60°, as depicted in Fig. 4.17(b). Broadside gain predictions are given in Fig. 4.18,

showing that a near theoretical realized gain is achieved with polarization purity

greater than 40 dB.

Active VSWR w/o H-Wall

E-Plane Scan

5 Active VSWR w/ H-Wall

Bludd ;d
Resonance =Broadside| ~E 45°
~E 45° “H 45°
1 [Has® D 45°
/| FE®0° -1 £ 60°
1 -H e0° 1 Fn s0°
D 60°
70 80 20 30 40 50 60 70 80

30 40 50
Frequency (GHz)

60

Frequency (GHz)

Figure 4.17: VSWR of D-TCDA using infinite array simulation (left) without H-
Wall and (right) with H-Wall.
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Figure 4.18: Realized gain in the principle planes (E/H) (left) and D-plane (right)
for the simulated unit cell with scanning down to 60° from broadside.
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The simulated patterns in Fig. 4.19 (left) validate beam steering down to 60°
from broadside in the principle E/H planes using the Active Element Pattern (AEP)
method [Poz94]. Semi-finite simulations show similar results in Fig. 4.19. This
method models a finite 10 element linear array in one plane, with a periodic bound-
ary condition in the other. Doing so, finite and edge effects can be observed in

one plane without computationally taxing simulations. The symmetry of the design

produces an identical pattern in the E and H planes.
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;-':: -10 ~H-Plane Sim 45° ;o':s -10 ~H-Plane Sim 45°
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Figure 4.19: Realized gain patterns of D-TCDA using AEP (left
tions (right) with scanning to 6 = 0°, 45°, and 60°.
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4.3.3 Fabrication of Differential mm-Wave TCDA

The differential low-cost array also employs standard PCB processes and dimensions.
The antenna in Fig. 4.20 was constructed from three layers of Rogers 5880 (e, = 2.2)
laminates with layers as shown in Fig. 4.21. The drilled 4 mil vias are used to feed
the dipole elements. Notably, the minimum metal tolerance is 0.0762 mm (3 mil)
in accordance with commercial PCB processes. These 76.2 ym metal traces were
accurately printed using the LPKF Protolaser U4 laser etcher at FIU’s RFCOM
Lab. For reference the stand-alone 10 x 10 array in Fig. 4.20 is shown next to a US
quarter. Again, this array is an attractive candidate for mobile 5G platforms due

to its small size and weight (< 1.5 mm tall and < 1g).
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Figure 4.20: Example 10 x 10 fabricated prototype next to a U.S. Quarter.
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54.5 mil

A
20 mil Rogers 5880
Overlap 33 mil
Dipole us = 1.5 mil BondPly (x2)
20 mil 10 mil Rogers 5880
H-wall 5 il 1.5 mil BondPly
20 mil Rogers 5880

Ground

Figure 4.21: Stackup showing metal layers and via placement for PCB based differ-
ential TCDA.

4.4 Feeding Approaches and Fabrication

Measurement of the mm-wave arrays is not a trivial task due to active feeding
challenges. The pressing issue with mm-wave phased arrays is the implementation
of a feed board to accommodate a densely populated array using impedance-matched
low-inductance leads. To measure the performance of our TCDAs across almost 60
GHz of bandwidth, three test structures were designed, each with the capability to
excite the entire 22-80 GHz bandwidth with S7; < -10 dB and loss of < 1 dB per
stage. This test structure will measure a single element and an 8 element linear array
using printed resistive sheets to match-terminate the remaining elements. Each feed

network is comprised of:

e Ball-Grid-Array vertical integration

e UWB balun for compatibility with single-ended measurement equipment (dif-

ferential antenna only)

e 28 GHz fixed beam power combiner to show the finite effects of an 8 element

array
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4.4.1 Ball-Grid-Array

A Ball-Grid-Array (BGA) is employed as a low cost solution for vertical integration
of an active phased array onto the feed board. Ball-grid-arrays are comprised of a
mixture of tin and lead that melts at lower temperatures than the printed conductors
to achieve a stable RF connection. Notably, these BGA interconnects have minimal

effect on impedance matching. This is demonstrated by the data in Figs. 77.

5 Planar TCDA w/ BGA Transition

=_umped Port
~BGA Transition

1 i i i i i
. . 20 30 40 50 60 70 80
1| 1 I . Frequency (GHz)

Figure 4.22: Effect of BGA interconnect on differential TCDA.
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Figure 4.23: Effect of BGA interconnect on Ka-band TCDA.
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Figure 4.24: Effect of BGA interconnect on V-band TCDA.

4.4.2 UWB Balun

To measure the differential array with the available single-ended measurement equip-
ment the UWB balun in Fig. 4.25 was designed and integrated into the feed struc-
tures. As opposed to the wideband Marchand balun and tapered balun used to
excite the TCDA previously presented in this dissertation, an alternate design was
implement using microstrip technology. The balun was designed with the feed board
on a 5 mil Rogers 3003 substrate. This balun transfers the balanced signal into a
single-ended line with a tapered ground plane shorted to one differential arm by a
4 mil diameter via. As depicted in Fig. 4.25, the balun gives S7; < -10 dB over the

22-80 GHz band of the differential array discussed above.

1009 Differential

v
r
- ‘ “ 2% 30 4 s e 70 80
509 Single Ended Frequency (GHz)

Figure 4.25: Planar UWB Balun (left) with simulated performance (right).
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4.4.3 Wilkinson Divider

To see finite effects of the V-band arrays, a 2.4mm coax launcher (for use < 50
GHz) was used to excite a a 28 GHz Wilkinson 8-way power combiner. An ideal
Wilkinson power divider has the S-Parameters as given in Eq. 4.1, with equal power
splitting and matched loads. Given that the Wilkinson is passive and reciprocal, it
can easily be adapted to a power combiner. A combiner was therefore designed for
both the V-band balun-fed and the differential TCDAs using a 5 mil Rogers 3003
substrate with 50€2/sq. OhmegaPly resistive material, as depicted in Fig. 4.26.
The Wilkinson combiner for the differential array implemented an array of baluns
to transfer the balanced signal to a single-ended microstrip line before being power
combined. The simulated return loss of these power combiners were more than 10

dB at 28 GHz.

—_ - O

1 1
0 0
0 O

(4.1)

Single-Ended : Mm-wave Array

2.4mm Coax

Figure 4.26: 28 GHz power combiner for Balun-fed array (left). 28 GHz power
combiner for with integrated baluns for differential array (right).
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4.4.4 Ka-Band Array Feed

To measured the Ka-Band array, a feed board was designed using a 2.4 mm coaxial
launcher, with the top side of the board acting as the array ground plane. The
signal path of this feed network is given in Fig 4.27. After the BGA connection
is made between the antenna cards and a feed pad on the top layer of the feed
structure, a via directs the signal down to the back side of the feed structure. Then,
the microstrip signal on the back side is directed under the ground plane to a via
that leads past the ground plane and to the 2.4 mm launcher. The simulated results

of this can be found in Fig. 4.28.

Antenna Card

BGA

| 2.4 mm Microstrip Launcher

Figure 4.27: Signal Path of Ka-Band feed with 2.4mm connector.

1

s,, (dB)
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-20
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Figure 4.28: Ka-Band feed with 2.4mm connector.
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4.4.5 V-Band Array Feeds

There is a challenge associated with available measurement equipment for UWB

5G arrays. As a result, many works in the literature rely on waveguide fed probes,

using a ground-signal-ground (GSG) transmission line feed point for measurement.

However, this technique has the downside waveguide bandwidth limitations. For

instance, this approach would require at least 4 separate waveguides to cover the

22-80 GHz spectrum. Further, there is a requirement for several coaxial connec-

tors to cover these bands continuously. Table 4.3 outlines the available options for

measurement in the 18-110 GHz bands.

Table 4.3: Measurement options for the 22-80 GHz spectrum.

Frequency Frequency
Type Range (GHz) Mates | Type Range (GHz) Mates
WR42 18-26.5 — 1.0 mm dc-110 1.0 mm
WR34 26.5-40 — 1.85 mm dc-70 2.4 mm
WR28 33-50 — 2.4 mm dc-50 1.85 mm
WR19 40-60 — 2.92 mm dc-40 3.5 mm / SMA
WRI15 50-75 — 3.5 mm dc-34 2.92 mm / SMA
WR12 60-90 — SMA de-24 2.92 mm / 3.5 mm
WR10 75-110 — — — —

Measurements at V-band must also address the common-place discontinuity in

available equipment at 50 GHz. To overcome the lack of readily available equipment,

this dissertation presents three measurement techniques for UWB arrays at mm-

waves:

1. Splitting the bands using separate feeds for < 50 GHz and > 50 GHz

2. Single feed with a diplexer to filter the high and low bands to separate < 50

GHz and > 50 GHz outputs

3. Single feed board with an UWB 1.0 mm connector to a single output

The designs and performance of each case is discussed below.
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Separate Split-Band Feeds

To feed each V-band array, two separate feed boards can be used based on available
equipment. This split-band approach uses two different commonly available mea-
surement types: 1) 2.4mm coax for < 50 GHz 2) waveguide 150 pum pitch ground-
signal-ground (GSG) probe for > 50 GHz. This split-band approach provides the
lowest cost solution to obtain important measurements for 5G and mm-wave sys-
tems. The signal path follows that of Fig. 4.28, but using different output launchers
(2.4 mm and GSG Probe), as shown in Fig. 4.29. The simulations are also given
in Fig. 4.29. As seen, S7; < -10 dB with a maximum loss of < 2 dB. This will be

de-embedded to compute the actual measured array gain.

Balun-Fed Differential

2.4 mm Coax
2.4 mm Coax
< 50GHz 4 < 50GHz
- 7

BGA Mounts here

BGA Mounts
here

Sy, (@B)
Sy, (eB)

i 20 30 40 50 60 70 i 20 30 40 50 60 70 80
Frequency (GHz) Frequency (GHz)

Figure 4.29: Simulated performance (bottom) of the balun-fed (left) and differential
(right) V-band Split-band array feeds. The 2.4 mm feed for the low-band (top) and
the ground-signal-ground feed for the high-band (middle) are also included.
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Diplexer Split-Band Feed

Another measurement approach is to characterize one fabricated prototype across
the entire bandwidth with two outputs (viz. 2.4 mm coax and GSG probe). A
Wilkinson divider can split the signal to the two outputs, but requires matched loads
on the unused ports. Therefore, a diplexer must be employed. A diplexer is a three-
port integrated low pass and high pass filter that separates the two bands without
the need to match-terminate the other. Diplexers are key components employed in
the front-ends of microwave and mm-wave UWB measurements. Available diplexers
at mm-wave frequencies up to V band have been reported before [RSS*09]. However,
they use suspended stripline topologies.

The diplexer presented here was designed on a 5 mil Rogers 3003 substrate for
a low-cost microstrip topology. The contiguous diplexer with a crossover frequency
of 50 GHz was designed using a 6-section binomial design for the low-pass and

high-pass filters. The diplexer circuit model is depicted in Fig. 4.30.
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Figure 4.30: 50 GHz split diplexer circuit model.
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Electric field patterns for the optimized design are given in Fig. 4.31(left) for
the low pass filter. The middle of Fig. 4.31 shows the field patterns at the 50 GHz
crossover point and the right section of Fig. 4.31 refers to the high pass filter. Fig.
4.32 gives the simulated Si; and S5 data of the diplexer. As seen, every port is
matched in its band of interest. Further, the diplexer shows a maximum insertion

loss of <0.5 dB in the low pass (20 GHz to 50 GHz) and <1 dB in the high pass

(above 50 GHz).

Figure 4.31: Electric field patterns for the diplexer at 20 GHz (left), 50 GHz (mid-
dle), and 80 GHz (right).
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Figure 4.32: Simulated S-parameters for the 50 GHz split diplexer.
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Continuous UWB Feed

The third and most convenient feeding approach is to employ an UWB 1.0 mm
coax connector. However, this approach requires the same waveguides as before,
with several coax-waveguide adapters. This implementation follows the simplicity
of the Ka-band feed discussed above. Again, a via drives the array element’s signal
down to the back side of the feed structure, then the microstrip signal is directed
under the ground plane to another via that leads up to the top side of the feed and

into the 1.0 mm launcher. The simulations are given in Fig. 4.33 and Fig. 4.34.
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Figure 4.33: UWB feed structure for V-band balun-fed TCDA with 1.0 mm connec-

tor.
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Figure 4.34: UWB balun feed structure for V-band differential TCDA with 1.0 mm
connector.
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4.4.6 De-embedding Process

To determine the performance of measured array prototypes, the effects of the above
mentioned feeds can be de-embedded using the test pieces in Fig. 4.36. Specifically,
the losses of the feed boards can be measured by placing the feeds in a back to back
orientation and measuring the S; of the test piece, as depicted in Fig. 4.35. From
this measurement, since the feeds are passive and reciprocal, the loss of the feed

boards can be de-embedded from the antenna performance.

VA : : A
LA\ )Back-to-aack HVV\-"2
Vi-WW\ £ LA Vs

SOL Calibra:ion SOL Ca[ibrati(:n
MeasurementPlane MeasurementPlane

Figure 4.35: Back-to-back test piece de-embedding.

Back to Back Power Combiner i i i
Differential Lines Single Ended Lines

Figure 4.36: Test structures for de-embedding the losses from the antenna array
feeds.
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4.5 Link Budget Analysis and Communication Range

Of course, with such an UWB instantaneous bandwidth, it begs the question of
how to efficiently utilize multiple GHz of spectrum. With this single aperture 5G
solution, one large array can be subdivided into sub-arrays for specific multi-band
mm-wave applications, including: vehicle to vehicle (V2V) communications at 28
GHz [GVA18], the open-source ISM band at 60 GHz, and vehicular radar at 77
GHz.

Through the use of sub-arrays and diplexers like those presented above, we can
use the novel receiver architecture presented in [SAV18| to accommodate multiple
signals, each with multi-GHz of instantaneous bandwidth, through a frequency di-
vision multiplexing front-end. Also, at the analog level, a beamforming architecture
with hardware reduction [VPAT17] can be implemented to greatly reduce back-end
power and size requirements. The total number of antenna elements can be opti-
mized by conducting link budget analysis for specific frequencies of interest. For the
example in Table I, a 10x10 array is used, assuming a transmit power of 30 dBm.
The total gain is deduced from the 10x 1 finite array simulated value, plus an array
factor of 10log1o(10), or 10 dB. For the case of 28 GHz for V2V communication,
it will allow reliable communication up to 9 km. This is derived using the Friis
transmission formula, with the assumption of 200 Megabits/second (Mbps) data
rate, £,/ N,=10 dB (Energy per bit/noise spectral density) at the receiver, and a
margin of 7 dB. Notably, we also include the atmospheric losses at these frequen-
cies, a well-known impediment to long distance mm-wave radio links. To improve
communication range, we can easily scale the array size at the transmitter and re-
ceiver, by increasing sub-array size. To verify this link budget, two 28 GHz reference

horns were measured at a distance of 2.2 meters, as depicted in Fig. 4.37(a). The

113



measured results in Fig. 4.37(b) are verified by the link budget in Table 4.4, with
Prx

—18.2 dBm. By simply replacing the reference horns with the fabricated

10x 10 mm-wave array we can demonstrate the link.

Table 4.4: Link budget

Frequency (GHz) 28 28 60 7
Antenna Sub-array Ref Horn | 10 x 10 | 10 x 10 | 10 x 10
Transmit Power (dBm) 10 30 30 30
G, | G, (dBi) 2515 57 | 212 | 239
Noise Figure (dB) 7 7 7 7
System Temp. (dB-K) 31 31 31 31
Data Rate (Mbps) 200 200 200 200
Required E,/N, (dB) 10 10 10 10
Modulation (QAM) 16 16 16 16
Link Margin (dB) 7 7 7 7
Atmospheric Loss (dB/km) 0.12 0.12 14 0.4
Range (km) 0.0022 9 1.5 60.5
Received Power (dBm) -18.2 -7 -7 -7

Free Space Link Budget Ana_I\E_is at 28GHz

—

Mm-Wave Absorber

Frequency (GHz)

3 Link Budget Rx Power
0

@ : . ;

g -18.2 dBm

o o

-2 A >
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=
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@ -60 : : :

x 27.9 27.95 28 28.05 28.1

Figure 4.37: Link budget measurement using two 28 GHz reference horns.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

5.1 Summary of This Work

The need for wideband antenna systems is driven by the simultaneity of an ever-
expanding need for bandwidth, continually shrinking platforms, and increasingly
multi-functional systems. These qualities are observed throughout the defense,
scientific, and consumer-electronic sectors, where ultra-wideband (UWB) phased
arrays provide a highly effective solution to these modern challenges. For these
systems, the ultra-wideband arrays presented here can replace several narrowband
systems to reduce power, cost, and save space by leveraging time, frequency, and
spatial multiplexing. Previous coupled dipole arrays have followed Munk’s original
work with extended bandwidths, 2x reduced size, 5x weight reduction, and 10x
cost reduction. The TCDA presented here have been addressed and optimized to
increase the impedance bandwidth to > 50:1 by substrate loading, scanning down
to 75° through F'SS superstrates, and increased frequency operations in millimeter-
waves. As a result, the TCDAs presented here can continuously cover a 130 MHz
to 80 GHz bandwidth, as verified by measurements. Further, the weight reductions
of these new TCDA, as given in Table 5.1 have a great impact for mobile platforms.
The summary of this dissertation is as follows.

In Chapter 2 we outlined the development and measurement of three state-of-
the-art UWB TCDA. The first TCDA presented herein obtained the 9:1 loss-less
bandwidth limit with 60° scanning. The second TCDA used resistive loading to
surpass this limit for a 12:1 bandwidth with 60° scanning for the first time, and was

the first TCDA to be designed with the specific needs of an airborne platform. The
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Table 5.1: Weight Comparison of Past and presented TCDA

Reference | Pol | BW Ratio | Frequency (GHz) | Scanning | Mass (kg)
[IMSV13] | Single 13.9:1 0.29-3.9 45° > 5
[PV16a] Dual 13.1:1 0.3-4.47 45° 2.442

Chapt. 2.1 | Dual 9:1 2-18 60° 0.351

Chapt. 2.2 | Dual 12:1 0.19-2.3 60° 6.577

Chapt. 2.3 | Dual 58:1 0.13-7.6 60° 3.012

Chapt. 3.1 | Dual 8.5:1 0.4-3.2 45° 1.943

Chapt. 3.2 | Dual 6:1 3-18 45° —

Chapt. 4.2 | Dual 7.5:1 4-30 60° < 0.001

Chapt. 4.2 | Dual 3.3:1 21-70 60° < 0.001

Chapt. 4.3 | Dual 3.63:1 22-80 60° < 0.001

third TCDA introduced a ground-breaking resistive FSS and novel feed that enables
a 58:1 bandwidth broadside with 60° conical scanning.

In Chapter 3, we presented the development and measurement of a novel TCDA
with differential feed. This is the first UWB differential array to scan to low angles
without resonances in the E-Plane over an unprecedented 8.5:1 bandwidth. The
design and operation of the enabling Balanced Wideband Impedance Transformer
(BWIT) feed structure was discussed. This array achieved an ultra-wide band per-
formance from V, with scanning to 45°. Polarization isolation was kept at an average
of 60 dB at broadside and at 40 dB when scanning in E- and H-planes. A Ku band
D-TCDA was presented for operation over 3-19 GHz, to show the scalability of the
array and feed BWIT structure.

Chapter 4 outlines the development and measurement of four mm-wave TCDA
with active array feeding. The first two UWB array were focused on low cost man-
ufacturing, with single board PCB construction in two important mm-wave bands.
The first array achieved an ultra-wide band performance from 20 GHz to 65 GHz,
with scanning to 60°. The second array achieved an ultra-wide band performance

from 4 GHz to 30 GHz, with scanning to 60°. For both designs, polarization isola-
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tion was kept at an average of 60dB at broadside and at 40 dB when scanning in
E-planes and H-planes. This third UWB array was focused on low cost manufac-
turing with differential feeding. The differential array achieved an ultra-wide band
performance from 22 GHz to 80 GHz, with scanning to 60°. Polarization isolation
was kept at an average of 60dB at broadside and at 40 dB when scanning in E- and
H-planes. Again, a novel feed structure, denoted as an H-Wall enables 60° scanning
on low cost PCB. The three aforementioned arrays were designed with integration
via BGA solder balls in mind. Measurements are provided for a fourth array using
a novel UWB feed routing network using vias, designed from 25 GHz to 80 GHz
with a return loss of less than -10 dB. The total cost of this fabricated array was 50

cents per element.

5.2 New Work

5.2.1 Fabrication and Measurements of mm-wave Arrays

For future measurements, the differential array was redesigned using Rogers 3003
material. By switching from the Rogers 5880 material (¢,=2.2) to the Rogers 3003
material (€,=3.0) the array was able lower profile to comply with standard aspect
ratio requirements. This allows for direct via integration with an integrated feed
board using 4 mil vias, rather than BGA, for a first-look verification of the design.
This array, depicted in Fig. 5.1 has a slightly reduced bandwidth of 25-80 GHz,
but also a lower profile of 1.17 mm. The 1.0 mm coax connector feed will be used
to excite this array. Notably, any misalignment between the coaxial connector and
feed line can have a great effect on insertion losses [Nov17]. Measurements of this

array will be done in follow-up works.
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Figure 5.1: Pictorial representation of the fabricated differential TCDA array in-
cluding an enlarged view of the unit cell with integrated feed board.

5.2.2 Aperture in Aperture

Following work will consist of integrating the aforementioned arrays to cover a con-
tinuous > 500 : 1 bandwidth, with low angle scanning, through the use of sub-arrays.
This Aperture in Aperture (AIA) concept, depicted in Fig. 5.2 will enable commu-
nication and sensing capabilities across almost all of the available radio spectrum.
For advanced communications and Electronic Warfare (EW) systems systems, this
UWB array replaces several narrowband systems for orders of magnitude power,
cost, and space savings. It also enables increased data rates and secure spread

spectrum communications over the UHF-V bands.
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Figure 5.2: Pictorial representation of the Aperture in Aperture concept.

5.2.3 Novel loading for TCDA with Extended Bandwidths

and Lower Profiles

Following the work on extending bandwidths, novel loading techniques will be ex-
plored. These include loading through magnetic ground planes (See Fig. 5.3(a)),
EBG ground planes (see Fig. 5.3(b)), and non-resistive FSS substrate loading (see
Fig. 5.3(c)). First look simulations have been conducted, with results given in Fig.

5.3(d).
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Figure 5.3: Pictorial representation novel loading techniques for TCDA using (a)
magnetic loading, (b) EBG ground planes, and (c) metal FSS substrates. (d) A
comparison of these methods versus the designs shown here is given
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